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ABSTRACT 


Chlorine  and  sulfur  mass  balance  studies  have  been  carried  out  in  the 
combustion  of  mixtures  of  lime,  refuse-derived  fuel,  and  coal  in  the  NIST 
multikilogram  capacity  batch  combustor.  The  catalytic  effect  of  manganese 
dioxide  on  the  trapping  of  sulfur  dioxide  by  lime  was  examined.  Under  our 
conditions,  only  4Z  of  the  chlorine  was  trapped  in  the  ash  and  no  effect  of 
manganese  dioxide  was  observed.  Between  42  and  14Z  of  the  total  sulfur  was 
trapped  in  the  ash,  depending  upon  the  lime  concentration.  The  effect  of 
manganese  dioxide  on  sulfur  capture  was  not  detectable.  The  temperature  of  the 
ash  was  estimated  to  be  near  1200  °C,  which  was  in  agreement  with  that 
calculated  from  sulfur  dioxide  capture  thermodynamics. 
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1 . Introduction 


The  general  aim  of  this  study  was  to  investigate  whether  or  not  coals 
containing  sulfur  in  excess  of  two  percent  could  be  burned  in  an 
environmentally  acceptable  manner  by  co-firing  the  coal  with  refuse-derived 
fuel  (RDF)  containing  a lime  binder.  The  sulfur  emission,  SO2  gas,  which  is 
formed  in  the  combustion  reaction  is  trapped  in  the  ash  residue  by  the 
reaction  of  the  SOj  gas  with  lime  (Ca(0H)2)  and  oxygen  gas  (O2 ) to  form  CaSO^  . 
The  lime  is  added  to  the  input  RDF  and  coal  since  it  has  been  shown  that  lime 
is  a suitable  binder  for  enhancing  RDF  to  environmentally  acceptable,  stable, 
and  storable  pellets  of  densified  RDF  (dRDF)  that  are  similar  to  lignite  coal 
[1]. 

The  two  specific  objectives  of  the  study  were:  to  determine  if  catalysts  can 
increase  the  trapping  of  SO2  for  mixtures  of  coal,  RDF,  and  lime  having  a 
composition  appropriate  to  real  world  incinerator  conditions,  and  to 
characterize  the  combustion  conditions  in  our  combustor  so  that  results  might 
be  applied  to  other  methods  of  combustion. 

To  accomplish  the  first  objective,  manganese  dioxide,  MnOj , was  selected  as 
the  catalyst  because  the  catalytic  activity  of  Mn02  in  the  trapping  of  SO2  has 
already  been  demonstrated  [2].  Manganese  dioxide  is  commercially  available  as 
the  mineral  pyrolusite.  We  chose  the  ratio  of  the  RDF  to  coal  content  for  all 
experiments  to  be  30X  on  an  enthalpy  of  combustion  basis  and  the  lime 
concentration  for  one  pair  of  experiments  (with  and  without  catalyst)  to  be 
3.5  mass  percent.  Assuming  an  enthalpy  of  combustion  of  29.0  MJ/kg  (12,500 
BTU/lb)  for  coal  and  15.1  MJ/kg  (6,500  BTU/lb)  for  dRDF,  a 3 . 5X  lime  content 
corresponds  to  mixing  coal  with  dRDF  having  8X  lime  binder.  The  RDF  and  lime 
concentrations  are  the  maximum  concentrations  used  in  the  co- firing  tests  run 
in  a full-scale  incinerator  that  were  carried  out  by  Argonne  National 
Laboratory  (ANL)  and  North  Texas  State  University  (NTSU)  [3].  Our  combustion 
samples  were  prepared  from  the  same  coal  and  RDF  used  in  those  co- firing 
tests . 

To  accomplish  the  second  objective,  additional  temperature  sensors  were 
installed  in  our  combustor  to  better  characterize  the  temperature  in  the 
vicinity  of  the  burning  sample. 

An  idea  of  the  upper  limit  of  capture  of  sulfur  under  our  combustion 
conditions  was  needed.  Thus,  the  first  pair  of  experiments  carried  out  were 
two  combustions  of  a mixture  (with  and  without  catalyst)  of  coal,  RDF,  and 
lime  at  a very  high  lime  concentrations,  7. IX.  The  rationale  for  the  selection 
of  high  lime  concentrations  and  a high  RDF/coal  ratio  was  based  on  the 
following  four  considerations. 

(1)  An  examination  of  thermodynamic  data  [4]  shows  that  the  temperature  of  the 
lime  must  be  kept  as  low  as  possible  while  maintaining  oxidative  combustion 
conditions  in  order  for  the  lime  to  trap  significant  amounts  of  SO2 . 

(2)  In  our  combustor,  low  temperatures  normally  correspond  to  reducing 
combustion  conditions  and  high  temperatures  to  oxidative  conditions.  This  is  a 
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consequence  of  the  fact  that  the  combustion  sample  is  burned  in  the  batch  mode 
as  a single  pellet  in  flowing  oxidant  gas  near  atmospheric  pressure.  The  rate 
of  burning  can  be  controlled  only  by  the  rate  of  supply  and  temperature  of  the 
oxidant  gas  and  not  also  by  the  rate  of  supply  of  solid  sample,  as,  for 
example,  in  an  incinerator.  To  illustrate,  in  a previous  experiment,  we  found 
chat  when  a pellet  consisting  of  a mixture  of  coal,  RDF,  and  lime  was  burned 
under  strongly  oxidative  conditions  (i.e.,  the  CO  concentration  in  the  product 
gas  was  <100  ppm)  only  a small  amount  of  sulfur  was  trapped  in  the  ash.  This 
occurred  not  only  because  the  lime  content  was  low  (actually  2X  versus  the 
nominal  4Z)  but  probably  also  because  Che  temperature  of  the  lime  in  the  ash 
was  too  high. 

(3)  However,  combustion  conditions  for  samples  containing  large  amounts  of 
lime  are  oxidative  in  our  combustor  although  the  temperatures  of  the  combustor 
walls  and  the  lime  are  low.  Experiments  carried  out  at  NBS  in  1988  [5]  showed 
chat  when  a pellet  of  RDF  containing  11  lime  or  greater  is  burned,  the 
combustor  walls  remain  relatively  cool,  the  lime/ash  has  the  same  form  as  the 
original  pellet,  and  the  CO2/CO  ratio  is  large  during  the  main  period  of  the 
burn  and  greater  than  one  during  the  last  part  of  the  bum.  We  inferred  from 
these  observations  chat  the  average  temperature  of  the  lime  remains  low,  the 
lime  is  in  optimal  position  for  trapping  components  of  the  product  gas,  and 
the  combustion  conditions  where  the  sample  is  actually  burning  are  strongly 
oxidative.  We  proposed  that  similar  conditions  ought  to  apply  to  a coal-RDF 
pellet  containing  72  lime  and  to  possibly  to  a lesser  extent  with  3.52  lime. 

(4)  The  least  energetic  fuel  should  provide  the  lowest  lime  temperature  and 
largest  trapping  capacity  for  sulfur  and  chlorine. The  ratio  of  the  RDF  to  coal 
content  of  302  on  a BTU  basis  was  selected  because  this  is  the  least  energetic 
fuel  used  in  the  tests  made  in  the  summer  of  1987  by  NTSU  at  ANL. 

Blank  or  reference  experiments  (e.g.,  coal  alone,  coal  plus  dRDF  without  lime, 
or  dRDF  alone)  were  carried  out  in  earlier  work  in  our  combustor. 

In  the  remainder  of  the  text,  we  will  refer  to  the  pellets  containing  7.12 
lime  and  3.52  lime  as  the  high  and  low  lime  pellets  or  samples,  respectively. 


2 . Summary  of  Results  and  Conclusions 

The  coal  and  lime  contain  300  ppm  and  150  ppm  of  chlorine,  respectively,  all 
in  the  form  of  water  soluble  chlorine,  which  we  call  chloride.  The  RDF 
contains  an  average  of  0.382  total  chlorine,  of  which  372  is  chloride.  The  RDF 
is  similar  in  total  chlorine  and  chloride  content  to  the  RDF  from  Baltimore 
County  examined  in  an  earlier  study  [6].  The  coal  and  RDF  contained  2.92  and 
0.312  sulfur,  respectively. 

Coal  containing  32  sulfur  cannot  be  burned  in  an  environmentally  acceptable 
manner  in  our  combustor  by  co- firing  the  coal  with  RDF  which  contains  lime  as 
a binder.  This  is  because  the  average  temperature  of  the  lime  was  too  high, 
1200-1300  ®C.  The  temperature  of  burning  and  oxidative  condition  cannot  be 
varied  independently  in  our  combustor  to  any  significant  extent. 

Approximately,  422  of  the  sulfur  is  trapped  in  the  ash  of  the  high  lime 


2 


samples.  For  the  low  lime  samples,  the  percentage  of  the  sulfur  trapped  in  the 

ash  drops  to  18-24X,  when  Mn02  is  present,  and  to  14-17Z,  when  Mn02  is  absent. 

The  moles  of  sulfur  trapped  in  the  ash  divided  by  the  moles  of  lime  in  the 

initial  sample,  the  efficiency  of  capture,  ranges  from  0.23  to  0.29.  The 

difference  in  trapping  when  Mn02  is  present  or  absent  is  not  significant 
according  to  our  uncertainty  estimates. 

Between  3%  and  4Z  of  the  total  chlorine  in  the  sample  is  trapped  in  the  ash  of 
the  high  lime  samples  and  less  than  IZ  in  that  of  the  low  lime  samples.  The 
effect  of  the  presence  or  absence  of  Mn02  on  the  trapping  of  chlorine  in  the 
ash  could  not  be  detected. 

The  bulk  of  the  sulfur  in  the  product  gas  is  in  the  form  of  SO2  gas.  Only  7 to 
23Z  of  the  sulfur  in  the  product  gas  is  lost  as  SO3  gas  and  this  percentage  is 
not  correlated  with  either  lime  concentration  or  the  presence  of  Mn02 . 

The  temperature  of  the  combustion  flame  is  greater  than  1800  °C.  This  is  a 
consequence  of  the  observation  that  one  of  the  noble  metal  thermocouples  used 
to  monitor  the  temperature  inside  the  sample  pellet  melted;  the  melting  point 
is  about  1800  °C.  The  pyrometer  measurements  of  the  temperature  at  the  upper 
surface  of  the  sample  gave  a lower  bound  of  1500  ®C  for  the  combustion  flame 
temperature . 

The  gas  mixture  consisting  of  product  gas,  just  after  it  leaves  the  pellet, 
and  inlet  oxidant  gas,  before  it  strikes  or  enters  the  pellet,  has  a nearly 
uniform  temperature.  The  temperature  is  quite  low,  -500  ®C  on  the  average,  so 
the  combustion  reactions  (e.g.,  conversion  of  CO  to  CO2 ) are  quenched  once  the 
product  gases  are  a few  centimeters  away  from  the  burning  pellet.  This  is 
inferred  from  the  close  agreement  of  the  temperatures  registered  by  the  noble 
metal  gas  thermocouples  near  the  sample;  the  difference  between  the  nominal 
and  true  gas  temperature  is  estimated  to  be  less  than  50  ®C. 

The  temperature  of  the  lime  in  the  ash  is  estimated  from  observations  of 
temperatures  inside  and  at  the  surface  of  the  pellet  to  be  near  1200  ®C.  This 
is  close  to  the  average  temperature,  1200-1300  ®C,  predicted  from 
thermodynamic  considerations. 

The  maximum  capture  of  SO2  by  lime  can  be  predicted  from  thermodynamic 
considerations.  Lower  effective  lime  temperatures  would  increase  the  capture 
dramatically.  For  our  method  of  combustion,  this  could  probably  only  be 
accomplished  by  suspension  of  the  lime  above  the  combustion  zone  or,  better, 
in  a separate  temperature-controlled  lime  scrubber  downstream  of  the 
combustor.  For  methods  of  combustion  that  permit  some  degree  of  separate 
control  of  temperature  of  burning  and  oxidative  condition,  direct  addition  of 
lime  would  be  more  effective  than  in  our  combustor. 

3 . Experimental  Apparatus 

3.1  Description  of  the  Combustor 

The  following  is  a shortened  composite  of  the  description  given  in  reference 
[7]  and  modifications  described  in  references  [5],  [8],  and  [9]. 
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The  study  was  carried  out  in  the  combustor  of  a multi -kilogram  flow 
calorimeter  [7]  that  was  modified  in  later  work  so  that  the  combustor  and  its 
enclosure  could  be  operated  in  air  [5].  A cross  section  of  the  apparatus  is 
shown  in  figure  1.  The  combustion  sample,  A,  is  a compressed  cylindrical 

pellet  consisting  of  a mixture  of  coal,  RDF,  lime,  and  Mn02 . The  pellet  is 

supported  on  a horizontal  lattice  of  nine  alumina  rods  (6  mm  in  diameter) 

resting  in  notches  cut  in  the  top  edge  of  a cup  shaped  ash  pan,  B.  The  ash  pan 

catches  the  lime  and  the  residual  ash  from  the  burned  coal.  The  ash  pan  rests 
on  the  base  access  plate  of  the  combustor,  C.  The  sample  is  ignited  by  passing 
electrical  current  through  an  iron  fuse  wire  connected  between  two  vertical 
electrodes  that  are  located  on  either  side  of  the  pellet.  The  electrodes  pass 
through  chimneys  welded  into  the  bottom  of  the  ash  pan.  The  electrodes  as  they 
appear  above  the  ash  pan  and  the  iron  wire  having  a coil  touching  the  top 
center  of  the  sample  are  shown  in  figure  1. 

Oxidant  gas  is  supplied  to  the  sample  through  an  array  of  five  horizontal 
tiers  of  nozzles,  J.  The  upper  four  tiers  are  shown  as  short  lines 
perpendicular  to  the  combustor  wall  in  figure  1.  Each  tier  has  six 
symmetrically  spaced  nozzles  located  in  the  combustor  wall.  The  lowest  tier 
supplies  a diffuse  flow  through  slots  in  the  ash  pan  to  the  underside  of  the 
sample.  The  upper  tiers  supply  narrow  jets  of  gas  that  are  directed  at  the 
sides  of  the  pellet  or  into  the  space  above  it. 

The  product  gas  flows  upward  through  a 15  cm  diameter  port  in  the  baffle,  D, 
and  out  the  cone-shaped  top  of  the  combustor  through  a tee  with  a window.  The 
product  gas  then  passes  out  and  down  an  exhaust  line  to  a ten  turn  cooling 
coil,  K,  and  then  to  the  water  collector,  L.  The  coil  and  collector  are 
mounted  in  the  water  bath  M which  is  kept  near  11  ®C.  Water  formed  in  the 
combustion  drains  from  the  upper,  larger  toroidal  tube  of  the  collector  into 
the  lower,  smaller  toroidal  tube  where  it  is  not  directly  exposed  to  the 
flowing  product  gas . The  product  gas  then  leaves  the  collector  and  flows  into 
the  cold  trap,  N,  and  out  the  charcoal  trap,  P,  into  the  laboratory  exhaust. 
The  cold  trap  is  immersed  in  the  cold  bath,  0,  which  is  normally  kept  at  or 
below  -5  ®C  with  an  ethylene  glycol,  water,  and  dry  ice  mixture.  For  these 
experiments,  the  cold  bath  was  removed;  the  cold  trap  was  at  room  temperature. 

The  combustor,  C,  is  mounted  in  a concentric  cylindrical  vessel,  the  combustor 
enclosure,  F,  which  forms  a pressure  tight  seal  around  the  combustor  which  is 
operated  at  a positive  pressure  of  7-21  kPa  (1-3  psig) . Viton  0-ring  seals  are 
maintained  by  cooling  coils,  I,  and  an  annular  water  bath  (not  shown)  on  the 
top  of  the  enclosure  which  protects  the  0-ring  seals  of  the  inlet  oxidant  gas 
supply  tubes. 

The  oxidant  gas  is  supplied  to  each  tier  of  nozzles  via  a separate  controller- 
flow  meters  in  the  oxidant  gas  supply  manifold.  Each  inlet  supply  tube  passes 
through  the  top  of  the  combustor  enclosure,  F,  into  the  space  between  the 
combustor  enclosure  and  combustor  to  a three  turn  preheat  coil  welded  to  the 
outside  of  the  combustor.  The  oxidant  gas  then  passes  through  a single  turn  of 
tubing  wrapped  with  a high  temperature  electrical  heater  and  into  a 
distribution  ring  tube  which  supplies  the  six  nozzles  of  each  tier. 
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The  space  between  the  enclosure  and  the  combustor  also  contains  electrical 
leads,  alumina- silica  insulation,  E,  around  the  lower  part  of  the  wall  of  the 
combustor,  and  a number  of  thermocouples.  The  thermocouples  monitor  the 
temperature  of  the  oxidant  gas  as  it  enters  each  distribution  ring,  the 
baffle,  nine  locations  on  the  combustor  wall,  and  the  product  gas  at  the 
combustor  exit. 

A block  diagram  of  the  product  gas  analysis  system  is  given  in  reference  [7]; 
specification  for  these  and  other  detectors  and  sensors  are  given  in  reference 
[9].  All  measurements  were  recorded  by  an  80  channel  computer  controlled  data 
logging  system  described  in  reference  [9].  Each  channel  was  read  at  least  once 
per  minute,  converted  to  engineering  units  (temperatures,  flow  rates,  gas 
concentrations,  etc.),  stored  on  a hard  disk,  displayed,  and  printed.  The  data 
were  tabulated  as  a function  of  time  and  then  exported  through  a serial  port 
to  a personal  computer  for  analysis.  Commercial  spreadsheet  and  scientific 
analyses  packages  were  used  for  most  calculations. 

3.2  Modification  of  the  Combustor 

To  characterize  the  temperature  around  the  burning  sample,  noble  metal  (type  S 
and  type  B)  thermocouples  were  installed  to  measure  local  gas  temperatures 
near  the  side  of  the  burning  sample  and  a type  K thermocouple  was  installed  to 
monitor  the  product  gas  temperature  in  the  port  of  the  baffle.  A radiation 
ratio  thermometer,  which  we  call  the  pyrometer,  was  mounted  on  the  calorimeter 
lid  above  the  viewing  port  in  the  tee  of  the  gas  exit  of  the  combustor  to 
monitor  the  temperature  at  the  surface  of  the  burning  sample.  The  field  of 
view  of  the  pyrometer  was  centered  on  and  had  a diameter  slightly  less  than 
that  of  the  unburned  combustion  pellet  (14.7  cm).  The  operating  range  of  the 
pyrometer  is  from  650  to  1650  ®C. 

The  noble  metal  gas  thermocouples  near  the  sample  were  mounted  in  twin-bore 
ceramic  insulators  supported  at  the  side  wall  of  the  combustor.  Because  the 
gas  velocity  in  the  combustor  is  relatively  low  (e.g.,  the  drift  velocity  of 
the  product  gas  in  the  combustor  is  of  the  order  of  7 cm/sec  at  600  ®C),  the 
radiation  correction  to  obtain  the  true  gas  temperature  from  the  measured 
temperature  could  be  substantial.  To  reduce  the  radiation  correction,  these 
thermocouples  were  made  from  small  diameter  wire  (1/4  mm)  and  the  thermocouple 
junction,  which  has  a relatively  low  emissivity  (estimated  to  be  0.1  to  0.2), 
was  left  bare.  Calibration  checks  between  runs  were  made  to  determine  if  a 
couple  was  damaged  by  exposure  to  the  product  gas.  No  changes  in  the 
thermocouples  were  detected.  Since  the  radiation  correction  decreases  as  the 
velocity  of  the  gas  flowing  past  the  thermocouple  is  increased,  the 
thermocouple  holder  was  designed  to  permit  the  option  of  aspirating  the 
product  gas  past  the  thermocouple  junction.  Temperature  measurements  were  made 
using  the  aspirated  thermocouple  in  the  last  experiment  and  are  discussed 
appendix  11.5. 

In  the  last  experiment,  two  type  B thermocouple  probes  were  inserted  into 
radial  holes  drilled  in  the  sample  pellet  2.5  cm  from  its  top  and  bottom  to 
monitor  the  temperature  of  the  ash  (prior  to  its  falling  into  the  ash  pan)  and 
to  obtain  at  least  a lower  bound  to  the  combustion  flame  temperature. 
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4 . Experimental  Procedures  for  the  Sulfur  and  Chlorine  Mass  Balance  Study 

4.1  Combustion  Pellet  Preparation 

The  sample  pellet  was  prepared  from  high  sulfur  (-32)  Kentucky  coal  used  in 
the  NTSU/ANL  incinerator  tests,  and  from  dRDF,  also  used  in  the  incinerator 
tests,  which  had  the  NTSU/ANL  designation  MIN,  02  binder,  no  plastics.  This 
particular  dRDF  was  selected  because  it  had  been  burned  in  previous  work  and 
had  a relatively  small  chlorine  content.  Chlorine  is  a suspected  "poison"  for 
transition  metal  catalysts  for  uptake  of  SO2  by  lime[2].  The  lime  and  MnOj 
were  analytical  reagents  meeting  ACS  specifications. 

The  coal  was  manually  fractured  to  -1  cm  particle  size  and  then  milled  to 
-1  mm  particle  size  using  a Brinkmann*  ZM-1  mill.  The  dRDF  was  milled  to  2 mm 
particle  size  using  a Williams  hammer  mill  followed  by  a Wiley  mill;  the 
milled  dRDF  is  subsequently  referred  to  as  RDF.  No  dry  ice  was  required  to 
prevent  the  sample  from  overheating.  The  appropriate  mass  of  RDF  was 
homogenized  in  a large  vee -blender.  After  a 100  g aliquot  was  removed  for 
later  analysis,  the  remaining  mass  of  coal,  lime,  and  Mn02  were  added  and 
further  homogenized.  After  removing  a 100  g aliquot  of  the  sample  for  later 
analysis,  the  remainder  was  pressed  into  a cohesive  pellet  using  a pellet  die 
of  14.6  cm  (5.75  in.)  in  diameter  and  a force  of  712  kN  (160,000  Ibf ) . Masses 
of  materials  added  or  removed  from  the  blender  were  measured;  the  mass  of 
material  added  to  the  blender  always  exceeded  that  removed  by  about  10  g.  Loss 
by  spilling  or  incomplete  transfer  does  not  account  for  this.  The  final  pellet 
mass  was  between  2 and  2.2  kg.  The  combustion  pellet  was  stored  overnight  in 
nested  plastic  bags  and  weighed  a final  time  just  before  loading  into  the 
combustor.  The  dimensions  of  the  pellets  were  14.6  cm  (5.75  in.)  diameter  and 
12.7  cm  (5  in.)  in  height  except  for  experiment  109  where  the  height  was  16.1 
cm  (6.34  in. ) . 

The  composition  of  the  combustion  pellets  are  given  in  the  top  of  table  1 on 
an  as-received  basis.  Since  the  results  of  previous  combustions  (runs  96-98) 
involving  coal  and  RDF  are  cited  in  section  6,  the  composition  of  these 
pellets  are  also  given  in  table  1,  for  convenience.  The  remainder  of  the  data 
in  this  table  are  discussed  in  section  6.1. 

4.2  Ash  Preparation  for  Analysis 

After  the  combustion  experiment,  the  ash  was  examined  (see  section  5)  and 
weighed.  The  ash  pan  with  the  ash  was  then  stored,  if  necessary,  in 
polyethylene  bags  - essentially  no  weight  increase  was  observed  over  storage 
periods  up  to  48  hours  even  when  the  bags  were  open  to  the  room  air.  The  ash 
sample  was  reduced  in  particle  size  by  grinding  for  24  hours  in  a ball  mill. 
This  method  was  chosen  over  the  ZM-1  mill  used  in  some  of  the  previous 
experiments  reported  in  reference  [5]  because  no  sample  is  lost  during  the 


‘certain  facllltlaa,  commarclal  equipment,  Inetrumenta,  or  materials  are 
Identified  In  this  paper  In  order  to  adequately  specify  the  experimental 
procedure.  Such  Identification  does  not  Imply  recommendation  or  endorsement  by 
the  National  Institute  of  Standards  and  Technology,  nor  does  It  Imply  that  the 
materials  or  equipment  are  necessarily  the  bast  available  for  the  purpose. 
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grinding  in  the  ball  mill.  The  method  had  the  drawback  that  portions  of  the 
ash  that  appeared  fused  were  not  completely  reduced  to  powder  in  the  ball 
mill,  but  remained  as  small  hard  nodules  whose  contents  were  not  analyzed. 

Grab  samples  of  the  ash  were  used  for  laboratory  analysis. 

4.3  Cleaning  Procedures 

After  dismantling  the  combustor  and  the  product  gas  exit  line,  the  collector 
with  the  condensate  was  weighed  and  the  condensate  was  poured  out  and  stored 
for  later  analysis.  In  experiment  109,  no  further  analytical  samples  were 
prepared.  In  experiments  110-112,  the  collector  and  the  glass  wool  filter  in 
the  exit  port  of  the  collector  were  washed  in  two  changes  of  hot  tap  water  (46 
°C).  This  additional  procedure  was  adopted  to  determine  the  error,  if  any,  in 
the  assumption  that  all  chloride  and  sulfate  are  trapped  in  the  condensate . 
After  removal  of  the  noble  metal  gas  thermocouples  from  the  combustor,  the 
inside  of  the  combustor,  ten- turn  cooling  coil,  cold  trap,  and  connecting 
tubes  between  these  units  were  also  washed  with  hot  tap  water.  The  washings, 
amounting  to  some  64  kg  of  liquid,  were  collected  in  polyethylene  buckets, 
weighed,  and  an  aliquot  of  each  bucket  was  removed  for  analysis.  The 
precipitate  in  the  washings  in  each  bucket  was  concentrated  by  decantation  of 
the  supernatant  liquid  and  combined  in  a large  glass  beaker.  The  composite 
slurry  was  acidified  with  concentrated  HCl  and  then  diluted  to  a final 
concentration  of  -3N  acid.  An  aliquot  of  this  mixture  was  removed  for  later 
sulfate  and  calcium  analysis.  This  procedure  was  adopted  to  determine  if  any 
CaSO^,  , if  present,  had  not  dissolved  in  the  condensate. 

4.4  Analysis  of  Samples 

Grab  samples  of  the  initial  coal  and  RDF  were  analyzed  for  organic  chlorine, 
inorganic  chloride,  total  sulfur,  residual  moisture,  and  ash.  The  ash  was 
analyzed  for  organic  chlorine,  water  soluble  chloride,  and  total  sulfur.  The 
EIDF  and  the  ash  were  also  analyzed  for  calcium  content.  The  ash  from 
experiments  109  and  110,  where  the  oxidant  gas  was  turned  off  after  120 
minutes  whether  the  combustion  was  complete  or  not,  was  also  analyzed  for 
carbon  and  hydrogen  by  Leco  Combustion.  The  condensate  from  the  collector  and 
the  washings  were  analyzed  for  chloride,  sulfate,  and  calcium.  Organic 
chlorine  was  determined  according  to  ASTM  standard  method  D808 . Water  soluble 
chloride  was  determined  according  to  ASTM  E776-81  except  that  the  titration 
method  was  EPA  method  325.3  [10]  and  the  analysis  was  performed  on  a filtered 
(0.45  micron)  sample.  Total  sulfur  was  determined  by  ASTM  standard  method 
D129 . Residual  moisture  was  determined  by  ASTM  standard  method  D2216,  and  ash 
was  determined  by  ASTM  standard  method  D482.  Calcium  was  determined  by  EPA 
method  215.1  [10]  with  sample  digestion  according  to  EPA  Method  SW-846  [10]. 
Sulfate  was  determined  by  EPA  method  375.4  [10]  using  a filtered  sample  (0.45 
micron) . The  analyses  were  performed  by  Gascoyne  Laboratories  of  Baltimore , 
Maryland. 

5 . Description  of  the  Combustion  Experiments 

The  combustor  was  flushed  with  air  doped  with  oxygen  to  a final  concentration 
of  50%  oxygen  for  15-20  minutes  prior  to  ignition  of  the  sample.  About  4.5 
minutes  after  ignition,  the  flow  to  the  top  tier  of  oxidant  gas  nozzles  was 
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reduced  or  shut  off  and  30  minutes  after  ignition  the  flow  to  the  y/2  and  //3 
tiers  of  nozzles  were  shut  off.  When  the  flow  to  the  top  tier  was  turned  off, 
the  sample  ceased  to  burn  on  its  top  surface  as  observed  through  the  view  port 
of  the  pyrometer. 

The  composition  of  the  inlet  oxidant  gas  during  all  the  runs  was  held  constant 
at  50±1  molZ.  Typically,  the  initial  flow  rate  was  285  slpm  (standard 
conditions  are  1 bar  and  0 ®C)  with  the  bottom,  top,  //I,  i^2,  and  //I  tiers 
being  supplied  at  a rate  of  135,  70,  50,  15,  and  15  slpm,  respectively.  The 
location  of  the  various  tiers  in  relation  to  the  unburned  pellet  location  is 
given  in  figure  2.  The  average  total  flow  rate  and  combustor  pressure  for  the 
duration  of  the  bum  was  about  200  slpm  and  10-25  kPa  (1.5  to  3.5  psig) , 
respectively . 

After  ignition,  the  CO  production  was  quite  low  - less  than  100  ppm.  Thirty 
minutes  or  later  after  ignition  the  CO  production  began  to  rise  slowly  and 
finally  peaked  at  about  0.1-0. 2 molZ  near  the  end  of  the  burn.  The 
temperatures  of  the  combustor  in  the  combustion  zone  (wall,  ash  pan,  and 
baffle)  peaked  at  400-600  ®C  about  30-40  minutes  after  ignition.  The 
temperatures  of  the  gas  at  the  side  and  above  the  pellet  in  the  combustion 
zone  varied  with  time  in  roughly  the  same  way  as  the  combustor  but  were 
greater  by  some  100-200  ®C.  The  temperatures  registered  by  the  pyrometer 
consisted  of  an  initial  peak  at  ignition  of  1200-1500  ®C,  then  a decrease  to  a 
low  temperature  near  700  ®C,  followed  by  a broad  plateau  in  the  vicinity  of 
1000  °C.  The  plateau  persisted  until  the  end  of  the  run  for  the  high  lime 
pellets  and  terminated  (i.e.,  temperature  fell  below  650  ®C)  some  30  minutes 
prior  to  the  end  of  the  burn  for  the  low  lime  pellets.  Further  description  is 
given  in  section  6. 

In  experiments  109  and  110,  the  oxidant  gas  flow  was  turned  off  120  minutes 
after  ignition.  This  was  done  to  eliminate  appreciable  sweeping  off  of  the  SOj 
captured  earlier  by  the  lime.  When  the  CO2  production  is  low,  the  SO2 
production  is  low  and,  thus,  CaSO^  will  decompose  to  maintain  the  SO2 
equilibrium  pressure,  depending  upon  the  local  oxygen  pressure  and  temperature 
of  the  solid  CaSO^ . In  the  last  two  experiments  the  flow  was  kept  on  until  the 
burning  ceased  as  determined  both  visually  and  by  the  CO2  and  CO  production. 
The  combustion  times  for  the  last  two  runs  were  only  slightly  longer:  128  and 
126  minutes  for  experiments  111,  and  112,  respectively. 

The  ash  of  the  high  lime  pellets  was  similar  to  ash  from  pellets  of  RDF 
containing  large  amounts  of  lime  obtained  in  previous  experiments  in  that  the 
ash  resembled  the  shape  of  the  original  pellet.  In  experiment  109,  part  of  the 
ash  had  fallen  from  the  altunina  lattice  support;  in  experiments  110,  the  lime- 
ash  structure  remained  intact  on  the  support.  The  lime/ash  was  colored  salmon 
pink  on  the  outside;  the  color  inside  varied  from  brown  near  the  outer  surface 
to  black  bordering  a hollow  core.  Generally  the  lime/ash  in  the  earlier  EIDF- 
lime  combustions  was  white  to  sand  colored.  The  hollow  core  was  considerably 
greater  in  size  (on  a proportional  basis)  than  the  size  of  the  core  observed 
in  the  ElDF-lime  combustions  and  also  differed  in  having  many  rounded  beads  of 
ash  on  the  surface  of  the  core.  The  ash  from  the  low  lime  pellets,  experiments 
111  and  112,  had  fallen  into  the  ash  pan  but  had  the  same  variations  in  color 
noted  above.  (Qualitatively,  it  seems  clear  that  the  appearance  and  structure 
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of  the  ash  is  consistent  with  the  sample  burning  at  a very  high  temperature 
inside  a hollow  core  of  the  lime/ash  which  remains  intact  or  disintegrates 
depending  on  whether  the  lime  content  is  high  or  low,  respectively. 

6 . Chemical  Analysis  Results 

6.1  Initial  Samples 

The  results  of  the  analyses  of  the  coal  and  RDF  used  in  the  pellets  are  given 
in  the  bottom  of  table  1.  Analyses  of  the  same  coal  and  same  RDF  from  three 
previous  experiments,  96-98,  carried  out  in  1988  are  also  given  including  some 
results  of  analyses  carried  out  by  a second  analytical  laboratory  (Spots, 
Stevens,  and  McCoy).  The  moisture  content  of  the  coal  seems  to  have  decreased 
by  about  0.5-1%  over  the  two  year  period.  The  ash  contents  enclosed  by 
parentheses  are  assumed  ash  contents.  The  lower  moisture  content  of  the  RDF 
used  in  experiments  110  and  111  is  probably  due  to  grinding  (Williams  hammer 
mill  and  Wiley  mill)  of  fresh  dRDF. 

6 . 2 Chlorine  Balance 

The  results  of  the  chlorine  balance  study  are  given  in  table  2.  The  first 
three  rows  (see  numbers  in  the  first  column)  give  the  total  chlorine  (the  sum 
of  the  organic  chlorine  and  chloride  content)  for  the  coal,  RDF,  and  lime, 
respectively,  in  ppm  and  grams  followed  by  the  estimated  uncertainty  on  an 
absolute  basis  in  grams  for  each  experiment.  The  last  column  on  the  right  side 
of  the  table  contains  the  uncertainty  in  ppm  used  to  compute  the  absolute 
uncertainty  for  each  measurement  in  the  row.  Rows  4 through  6 contain  the 
chloride  content  of  the  coal,  BIDF,  and  lime.  Analytical  values  for  the  lime 
are  from  the  batch  analysis  of  the  analytical  reagent  used  to  prepare  the 
sam  pie.  The  average  chlorine  content  of  the  coal  and  lime  is  300  ppm  and 
150  ppm,  respectively,  and  all  the  chlorine  is  in  the  form  of  chloride.  The 
RDF  contains  an  average  of  0.38%  total  chlorine,  of  which  37%  is  chloride.  The 
EIDF  is  similar  in  total  and  water  soluble  chlorine  content  to  the  RDF  from 
Baltimore  County  examined  in  earlier  study  [6]. 

The  total  chlorine  in  the  sample  in  row  7 is  the  sum  of  rows  1 through  3 and 
the  uncertainty  is  calculated  as  the  sum  of  the  absolute  values  of  the 
individual  uncertainties . 

The  chlorine  in  the  combustion  products  is  given  in  rows  8 through  11;  total 
chlorine  and  chloride  were  determined  for  the  ash;  only  chloride  was 
determined  for  the  condensate,  given  in  row  10. 

Using  the  data  in  the  first  eleven  rows,  one  obtains  the  chlorine  balance 
ratio,  row  12,  the  fraction  of  the  chlorine  trapped  in  the  ash,  row  13,  and 
the  fraction  of  the  chlorine  in  the  ash  that  is  chloride,  row  14.  The  chlorine 
balance  ratio  equals  one  within  the  uncertainty  estimates. 

Only  minimal  trapping  of  chlorine  occurs:  3-4%  for  the  high  lime  concentration 
and  1%  or  less  for  the  low  lime  concentration.  All  the  trapped  chlorine  is  in 
the  form  of  chloride.  The  effect  of  the  presence  or  absence  of  Mn02  on  the 
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trapping  of  chlorine  in  the  ash  is  not  significant  according  to  the 
uncertainty  estimates. 

6.3  Sulfur  Balance 

The  results  of  the  sulfur  balance  are  given  in  table  3.  The  quantities  in  the 
columns  and  the  definition  of  uncertainties  are  the  same  as  in  table  2. 
Analytical  values  for  the  lime  are  taken  from  the  batch  analysis  of  impurities 
for  the  analytical  reagent.  Values  for  the  total  sulfur  of  coal,  RDF,  and  lime 
are  given  in  rows  one  through  three  and  the  total  sulfur  in  the  sample  in  row 
4. 

The  total  sulfur  in  the  ash  assuming  the  sulfur  content  of  the  ash  is  uniform 
is  given  in  row  5 and  assuming  the  hard  nodules  in  the  ash  (i.e.,  that  which 
could  not  be  reduced  to  powder  in  the  ball  mill)  contain  no  sulfur  in  row  6. 
The  total  sulfur  in  the  condensate,  analyzed  as  sulfate  ion,  is  given  in  row 
7.  The  values  include  the  sulfate  content  of  the  precipitate  in  the  washings 
that  was  acidified  with  hydrochloric  acid  in  experiments  110  to  112.  Row  8 
contains  the  measured  value  of  sulfur  in  the  product  gas  in  the  form  of  SO2 
calculated  from  the  absorbance  of  the  product  gas  measured  with  the  infrared 
trace  component  detector.  The  value  is  missing  for  experiment  109  because  the 
input  filter  to  the  latter  detector  plugged  during  the  experiment.  Row  9 
contains  the  calculated  sulfur  in  the  form  of  SO2 , assuming  it  equals  the 
difference  of  the  total  sulfur  in  minus  the  sum  of  the  sulfur  in  the  ash  and 
condensate.  The  total  sulfur  in  the  products,  given  in  row  10,  is  the  sxom  of 
rows  5 , 7 , and  8 . 

Using  the  data  in  the  first  ten  rows,  one  obtains  the  seven  ratios  listed  in 
rows  11  through  17.  The  sulfur  balance  ratio  is  given  in  row  11  and  is 
discussed  later.  The  fraction  of  the  sulfur  trapped  in  the  ash  based  on  the 
total  sulfur  in  the  products  and  based  on  the  total  sulfur  in  the  initial 
sample  is  given  in  rows  12  and  13,  respectively.  The  fraction  of  the  sulfur  in 
the  product  gas  that  is  SO2  gas  and  SO3  gas,  both  based  on  the  total  sulfur  in 
the  products  is  given  in  rows  14  and  15,  respectively.  The  SO3  reacts  with  the 
water  in  the  product  gas  to  form  H2SO4  which  is  collected  in  the  condensate 
and  washings . 

We  find  that  an  average  of  41X  (from  row  12)  to  43X  (from  row  13)  of  the 
sulfur  is  trapped  in  the  ash  of  the  high  lime  samples.  The  percentage  of  the 
sulfur  trapped  in  the  ash  of  the  low  lime  samples  is  18-24Z,  when  Mn02  is 
present,  and  14-17Z,  when  Mn02  is  absent.  The  difference  in  the  percentage  of 
sulfur  trapped  in  the  ash  in  the  presence  and  absence  of  the  catalyst  at  both 
lime  concentrations  is  not  significant  according  to  our  uncertainty  estimates, 
whether  the  basis  is  the  total  sulfur  in  or  out. 

From  rows  14  and  15,  we  find  that  some  7 to  23X  of  the  sulfur  in  the  product 
gas  is  lost  as  SO3  gas  (calculated  from  the  ratio  of  the  value  in  row  14 
divided  by  the  sum  of  the  values  in  row  14  and  15)  and  that  the  relative 
ai  nt  of  SO3  is  not  correlated  with  lime  concentration  or  the  presence  of 
Mr  The  bulk  of  the  sulfur  in  the  product  gas  is  SO2  gas. 
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The  moles  of  sulfur  trapped  in  the  ash  divided  by  the  moles  of  lime  in  the 
initial  sample,  the  efficiency  of  capture,  is  given  in  row  16.  The  efficiency 
is  0,24  when  MnO^  is  present  at  either  lime  concentration.  When  Mn02  is  not 
present,  the  efficiency  drops  to  0.22  at  the  high  lime  concentration  and  0.19 
at  the  low  lime  concentration.  For  both  the  high  and  low  lime  concentrations, 
the  difference  in  capture  efficiency  when  Mn02  is  present  or  absent  is  not 
significant  according  to  our  uncertainty  estimates. 

The  sulfur  balance  ratio,  row  11,  is  equal  to  one  within  our  uncertainty 
estimates  because  of  the  large  uncertainty  assigned  to  the  SO2  measurements. 
The  reason  for  assigning  a large  error  to  the  SO2  measurements  was  that  we 
could  not  account  for  the  sulfur  balance  ratio  on  the  basis  of  errors  in  the 
sulfur  concentration  in  the  coal  or  the  ash.  A large  systematic  error  in  the 
unburned  coal  can  be  ruled  out  on  the  basis  that  the  sulfur  content  of  the 
coal  is  relatively  constant  and  two  different  analysts  (Gascoyne  Laboratories 
and  Spots,  Stevens,  and  McCoy)  obtain  the  same  values  within  the  uncertainty 
estimates.  A large  systematic  error  in  the  sulfur  content  of  the  ash  seems 
equally  unlikely.  The  systematic  error  in  the  sulfur  content  of  the  ash  for 
experiments  111  and  112  would  have  to  be  equal  to  the  entire  sulfur  content  of 
the  ash  or  more,  which  is  unreasonably  large.  Accordingly,  we  concluded  that 
the  measured  values  of  SO2  given  in  row  17  are,  on  the  average,  too  large  by 
23Z  and  set  the  uncertainty  equal  to  23Z.  This  uncertainty  estimate  is  larger 
than  the  estimate  based  on  considerations  other  than  the  sulfur  balance  ratio. 
This  estimate  and  further  comments  are  given  in  section  11.1. 

6.4  Calcium  Balance  and  Calculated  Ash  Content 

The  results  of  the  calcium  analyses  are  given  in  table  4.  The  calcium  in  the 
coal  was  not  measured  and  is  assumed  to  be  negligible.  The  total  calcium  in 
the  lime  is  computed  on  the  basis  of  our  impurity  analysis  for  this  analytical 
reagent.  The  data  of  row  6 show  that  significant  amounts  of  calcium  were 
present  in  the  condensate  or  washings  in  only  experiment  112,  in  which  one  of 
the  thermocouples  was  aspirated.  Presumably  aspiration  tended  to  scatter  and 
entrain  more  ash  in  the  product  gas . 

The  calcium  balance  ratio,  given  in  row  8,  is  equal  to  one  within  our 
uncertainty  estimates  only  for  experiment  111.  We  concluded  that  calcium 
escaped  past  the  cold  trap  shown  in  figure  1.  This  is  consistent  with  the 
observed  tendency  of  filters  in  the  analysis  and  product  gas  exit  line  to 
plug. 

The  amount  of  ash  expected  was  calculated  and  compared  to  the  ash  actually 
observed  to  see  if  this  difference  was  consistent  with  the  calcium  loss  in 
table  4.  The  results  are  given  in  table  5.  The  first  four  rows  are  the  assumed 
ash  content  of  the  coal  (except  the  measured  value  for  experiment  112) , the 
measured  ash  content  of  the  RDF,  the  mass  of  Mn02 , and  the  mass  of  lime. 

The  increase  in  mass  associated  with  the  formation  of  CaSO^  with  the  remainder 
present  as  lime  is  given  in  rows  5,  The  values  are  calculated  from  the 
measured  sulfur  content  of  the  ash  in  table  3,  as  summarized  in  appendix  11.2. 
The  calculated  ash  content  corresponding  to  row  5 is  given  in  row  7 . The 
calculated  mass  of  ash  is  about  lOX  larger  than  the  observed  ash. 
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The  increase  in  mass  associated  with  the  formation  of  CaSO^  and  the 
corresponding  calculated  ash  assuming  that  all  that  calcium  in  the  initial 
sample  that  is  not  in  the  ash  is  due  to  loss  of  lime  are  given  in  rows  6 and 
8,  respectively.  The  values  of  row  8 are  5%  larger,  on  the  average,  than  the 
observed  ash.  The  better  agreement  of  the  values  in  row  8,  as  compared  to  row 
7,  with  the  observed  ash  supports  the  idea  that  the  calcium  loss  indicated  in 
table  4 is  genuine. 

Correction  of  the  sulfur  capture  efficiencies  given  in  row  16  of  table  3 using 
the  calcium  balance  ratios  given  in  row  8 of  table  4 gives  values  of 
0.28±0.03,  0.29±0.02,  0.2610.03,  and  0.2310.03  for  experiments  109,  110,  111, 
and  112,  respectively.  These  values  are  on  the  average  20Z  larger  than  the 
values  of  row  16  table  3.  Their  large  uncertainty  obscures  any  difference 
between  the  presence  and  absence  of  Mn02  or  the  difference  between  high  and 
low  lime  samples. 

7.  Combustion  Results 

The  gas  temperatures  at  the  side  and  just  above  the  combustion  pellet  are 
shown  in  figure  3 for  experiment  110  (7.12  lime,  0.22  Mn02 ) as  a function  of 
time  along  with  the  middle  wall  combustor  temperature  for  reference.  The 
second  lower  side  gas  temperature  is  not  shown  since  it  lies  within  10-20  °C 
of  the  first  lower  side  gas  temperature.  The  exact  location  of  the 
thermocouples  is  given  in  figure  2.  The  combustor  wall  and  ash  pan 
temperatures  are  given  in  figure  4 as  function  of  time  for  the  same 
experiment.  The  location  of  these  thermocouples  are  also  given  in  figure  2. 

The  temperature  indicated  by  the  pyrometer  is  given  in  figure  5 along  with  the 
upper  side  gas  temperature  for  reference.  (The  low  end  of  the  pyrometer  range 
is  650  ®C.)  The  rise  in  the  pyrometer  temperature  (curve  A)  near  the  end  of 
experiment  110  at  200  to  210  minutes  corresponds  to  a fracture  in  the  top  of 
lime/ash  structure  and  the  appearance  of  flame  in  the  center  of  the  pellet  as 
observed  through  the  view  port  of  the  pyrometer. 

The  rate  of  production  of  CO2  (curve  C)  is  given  in  figure  5 to  indicate  the 
heat  release  as  a function  of  time.  The  CO2  production  is  largest  shortly 
after  ignition,  falls,  then  builds  up  again  at  125  minutes,  and  then  decays 
smoothly  until  it  again  begins  to  increase  at  170-180  minutes.  The  third  peak 
in  the  CO2  production  just  precedes  the  appearance  of  flame  on  the  top  of  the 
pellet. 

As  mentioned  in  section  5 and  as  shown  in  figure  5,  the  CO  production  (curve 
D)  is  quite  low,  -100  ppm  (in  the  dry  product  gas),  after  a small  peak  just 
after  ignition.  About  40  minutes  after  ignition,  the  CO  concentration  started 
to  increase  slowly  and  reached  a maximum  of  -0.12  about  100  minutes  after 
ignition.  This  broad  second  peak  in  the  CO  production,  called  burnout,  is 
about  90  minutes  in  duration.  The  CO2/CO  ratio  remains  greater  than  one 
throughout  the  experiment.  In  experiments  with  pellets  of  RDF  alone,  the 
duration  of  burnout  is  about  45  minutes  and  the  CO2/CO  ratio  falls  below  one 
during  burnout.  In  experiments  with  pellets  of  RDF  containing  >72  lime, 
burnout  at  the  end  of  combustion  does  not  occur  and  the  CO2/CO  ratio  remains 
greater  than  one  throughout  the  experiment. 
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The  corresponding  temperature- time  relations  for  the  various  thermocouples  and 
the  pyrometer  for  experiment  112  (3.5X  lime,  no  Mn02 ) are  given  in  figures  6, 

7,  and  8.  The  temperature- time  behavior  of  the  gas  and  combustor  temperatures 
in  figures  6 and  7,  respectively,  are  similar  to  those  of  figures  3 and  4 
except  that  the  temperature  peaks  before  the  final  decay  at  the  end  of  the 
experiment  are  more  pronounced  and  occur  sooner  after  ignition  in  the  low  lime 
pellets . 

Figure  8 gives  the  pyrometer  temperature,  the  temperatures  at  points  initially 
2.5  cm  within  the  surface  of  the  pellet  at  heights  2.5  cm  below  the  top  and 
2.5  cm  above  the  bottom  of  the  initial  pellet,  and  the  upper  side  gas 
temperature.  The  upper  and  lower  internal  pellet  temperatures  (curves  B and  C, 
respectively)  rise  in  concert  from  ignition  to  a temperature  some  100  to  200 
°C  above  the  pyrometer  temperature  (curve  A)  at  90  minutes,  which  is 
consistent  with  the  sample  burning  from  its  outer  surface  inward.  The  upper 
pellet  thermocouple  evidently  melted  at  this  point,  thus,  setting  a lower 
bound  on  the  combustion  flame  temperature  of  1800  °C. 

Between  90  and  110  minutes,  the  temperature  registered  by  the  lower  pellet 
thermocouple  changes  with  time  in  the  same  way  as  the  pyrometer  temperature 
but  remains  about  100  °C  greater  than  the  pyrometer  temperature.  This  suggests 
the  temperature  of  the  ash  immediately  adjacent  to  the  combustion  flame  is  of 
the  order  of  900  to  1100  °C. 

The  decay  of  the  temperature  indicated  by  the  lower  pellet  thermocouple 
between  110  and  130  minutes,  even  though  the  pyrometer  temperature  continues 
to  remain  between  1000-1400  ®C,  suggests  the  ash  and  burning  sample  have 
fallen  away  from  the  lower  pellet  thermocouple.  This  is  consistent  with  the 
visual  observation  that  the  burning  sample  was  falling  off  the  supporting 
lattice  into  the  ash  pan  during  this  time  interval. 

The  CO2  and  CO  production  rates  for  experiment  112  are  given  in  figure  9 in 
curves  A and  D,  respectively.  The  CO2  production  rate  shows  a much  more 
pronounced  peak  than  for  experiment  110;  the  peak  exceeds  the  level  at 
ignition.  This  would  be  consistent  with  the  lime/ash  framework  starting  to 
break  up  and  fall  along  with  burning  sample  into  the  ash  pan  for  the  low  lime 
pellets.  The  peak  just  precedes  the  rise  in  the  pyrometer  temperature,  a 
feature  also  observed  for  the  high  lime  pellets.  At  110  minutes,  some  25X  of 
the  sample  is  still  unbumed,  according  to  curve  C of  figure  9.  The  oxygen 
consumption  has  risen  from  1/3  to  1/2  of  the  inlet  oxygen  flow  rate  according 
to  curve  B.  The  CO  production,  curve  D,  differs  from  that  for  the  high  lime 
pellets  in  that  the  production  is  smaller  (20-100  ppm)  and  remains  so  for  a 
longer  time  after  ignition.  The  final  peak  is  much  shai^jer. 

The  average  temperatures  for  the  thermocouples  in  the  combustion  zone  and  the 
pyrometer  are  given  in  table  6.  Averages  are  for  the  duration  of  each 
experiment  for  thermocouples  and  for  the  time  during  which  the  pyrometer  is  in 
range,  (i.e.,  when  it  is  "on").  The  thermocouple  and  pyrometer  data  suggest 
the  product  gas,  just  after  it  leaves  the  pellet,  and  the  inlet  oxidant  gas, 
before  it  strikes  or  enters  the  pellet,  constitute  a mixture  having  a nearly 
uniform  temperature.  The  temperature  is  quite  low,  -500  ®C  on  the  average,  so 
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the  combustion  reactions  (e.g. , conversion  of  CO  to  CO2 ) are  quenched  once  the 
product  gases  are  a few  centimeters  away  from  the  burning  pellet.  Mixing  and 
stirring  is  accomplished  by  the  jets  of  incoming  oxidant  gas  (i.e.,  not  by 
turbulent  flow,  per  se) . The  product  gas  is  cooled  further  by  heat  exchange 
with  the  combustor  walls,  ash  pan,  and  baffle.  The  pyrometer  data  along  with 
visual  observations  through  the  view  port  of  the  pyrometer  indicate  that  the 
temperature  in  the  actual  combustion  zone  is  in  excess  of  1500  ®C:  the  pellet 
thermocouple  sets  a lower  bound  of  1800  °C. 

The  temperatures  registered  by  the  gas  thermocouples  located  near  the  sample 
are  estimated  to  be  within  50  ®C  of  the  actual  gas  temperature.  Estimates  of 
error  and  analysis  of  the  aspiration  experiment  carried  out  during  run  112  are 
given  in  appendix  11.5. 

The  key  to  prediction  of  the  trapping  capacity  of  the  lime  for  SO2  is  the 
average  temperature  of  the  lime  exposed  to  the  product  gas.  Data  obtained  with 
the  lower  pellet  thermocouple  suggest  the  temperature  of  the  ash  is  in  the 
vicinity  of  900-1100  ®C.  To  check  this  estimate,  we  have  calculated  the 
temperature  of  the  CaSO*  which  is  formed  by  capture  of  SO2  gas  by  the  lime, 
assuming  it  is  in  equilibrium  with  its  decomposition  products;  quick  lime 
(CaO) , O2  gas,  and  SO2  gas.  The  reaction  and  the  associated  equilibrium 
constant,  K,  are: 

CaS0*(s)  - CaO  (s)  + SO2 (g)  + (1/2)  02(g)  (la) 

K.q  - PsoztPoz]-'  (lb) 

The  equilibrium  constant  data  of  Stem  et.  al.[4]  were  fitted  as  a function  of 
absolute  temperature,  T,q,  between  700  K and  1800  K to  obtain  the  following 
expression; 

In  K,q  - 30.83909  - 57701/T,q  , T,,  in  K (2) 

Temperatures  calculated  with  values  of  K,q  and  eqxxation  2 are  within  10  K of 
the  "known"  temperatures  from  300  to  1600  K.  The  pressures  of  SO2  and  O2  in 
the  combustion  zone  were  calculated  from  the  total  pressure  in  the  combustor 
and  the  mole  fraction  of  these  species  as  described  in  Appendix  11.4. 

Plots  of  T, q calculated  from  equation  2 are  given  in  figures  10  and  11  for 
experiments  110  and  112,  respectively.  The  rate  of  production  of  CO2  and  CO  is 
given  in  each  figure  to  indicate  there  is  a rise  in  T,q  corresponding  to  the 
"second"  peak  in  CO2  production  and  the  temperature  drops  off  when  the  CO 
production  ceases  at  the  end  of  "burnout".  The  uncertainty  in  T,q  is  estimated 
to  be  30  ®C.  The  average  temperature  over  the  duration  of  experiments  110, 

111,  and  112  were  1216,  1201,  and  1287  °C,  respectively.  These  temperatures 
are  somewhat  higher  but  are  still  relatively  close  to  the  ash  temperature 
indicated  by  the  lower  pellet  thermocouple.  The  average  ash  temperature  might 
be  lower  than  these  values  if  the  time  of  exposure  and/or  other  conditions  are 
insufficient  for  equilibrium.  With  this  in  mind,  the  average  values  of  T,q  can 
be  called  the  effective  average  ash  temperature.  The  importance  of  temperature 
is  reemphasized  by  examining  the  rate  of  capture  of  SO2  as  a function  of  time 
as  shown  in  curve  C of  both  figures  10  and  11.  The  method  of  computation  is 
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given  in  appendix  11.4.  A rise  of  about  30  °C  in  T,q  near  the  end  of  each  run 
forces  the  capture  rate  to  go  negative  - the  CaSO^  starts  to  dissociate. 


8 . Discussion  and  Applications 

As  noted  before,  in  order  to  burn  the  combustible  fraction  of  a solid  sample 
as  completely  as  possible  to  carbon  dioxide  and  water  in  the  batch  mode,  the 
solid  sample  must  be  burned  as  a pellet  in  order  to  restrict  the  rate  of 
combustion  of  the  sample.  The  oxidative  condition  and  temperature  of  burning 
cannot  be  controlled  independently.  In  the  previous  section,  we  have 
constructed  a picture  of  how  the  pellet  actually  bums  and  have  concluded  that 
the  effective  average  ash  temperature  is  of  the  order  of  1200  ®C  in  our 
experiments.  This  is  the  reason  the  SO2  capture  by  the  lime  is  small,  between 
0.2-0. 3 moles  of  sulfur  per  mole  of  lime. 

The  capture  of  SO2 , whether  expressed  on  the  basis  of  per  mole  of  lime  added 
or  percentage  of  the  total  sulfur  in  the  combustion  products  is  the  same,  for 
practical  purposes,  whether  manganese  dioxide  is  present  or  not.  Either  the 
actual  ash  temperature  was  high  enough  to  ensure  equilibrium  or  the  effect  of 
manganese  dioxide  was  blocked  by  conditions  that  automatically  eliminate 
achievement  of  equilibrium  conditions.  One  condition  might  be  insufficient 
exposure  time  of  the  lime  to  product  gas.  Another  condition  might  be  physical 
impediment  of  the  volume  expansion  of  CaO  for  formation  CaS04[2]. 

Lower  effective  lime  temperatures  would  increase  the  capture  dramatically 
because  of  the  exponential  dependence  of  K,q  on  T,q.  For  our  method  of 
combustion,  suspension  of  the  lime  above  the  combustion  zone  or,  better,  in  a 
separate  temperature-controlled  lime  scrubber  downstream  of  the  combustor 
would  be  the  method  of  choice.  For  methods  of  combustion  that  permit  some 
degree  of  separate  control  of  temperature  of  burning  and  oxidative  condition, 
direct  addition  of  lime  would  be  more  effective  than  in  our  combustor.  Under 
these  circumstances,  Mn02  may  be  needed  as  catalyst  for  SO2  capture.  An 
additional  question,  which  our  experiments  did  not  address,  would  then  be 
prevention  of  the  poisoning  of  the  catalyst. 

9 . Conclusions 

Coal  containing  3%  sulfur  cannot  be  burned  in  an  environmentally  acceptable 
manner  in  our  combustor  by  co- firing  the  coal  with  RDF  which  contains  lime  as 
a binder.  This  is  because  the  average  temperature  of  the  lime  was  too  high, 
1200-1300  “C.  The  temperature  of  burning  and  oxidative  condition  cannot  be 
varied  independently  in  our  combustor  to  any  significant  extent. 

The  percent  of  sulfur  trapped  in  the  ash  was  42  X and  14-24X  for  samples 
having  an  initial  overall  concentration  of  7. IX  and  3.5X  lime,  respectively. 
The  moles  of  sulfur  trapped  in  the  ash  divided  by  the  moles  of  lime  in  the 
initial  sample,  the  efficiency  of  capture,  ranges  from  0.23  to  0.29.  The 
difference  in  either  the  percentage  or  efficiency  of  trapping  when  Mn02  is 
present  or  absent  is  not  significant  according  to  our  uncertainty  estimates. 
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Less  than  42  of  the  total  chlorine  is  trapped  in  the  ash  and  the  effect  of  the 
presence  of  Mn02  on  the  chlorine  trapping  could  not  be  detected. 

The  combustion  conditions  have  been  characterized  as  follows: 

The  temperature  of  the  combustion  flame  is  greater  than  1800  “C. 

The  product  gas  just  after  it  leaves  the  pellet  and  the  inlet  oxidant  gas 
before  it  strikes  or  enters  the  pellet  constitute  a mixture  having  a nearly 
uniform,  low,  temperature.  Combustion  reactions  (e.g.,  conversion  of  CO  to 
CO2 ) are  quenched  shortly  after  the  product  gases  are  a few  centimeters  away 
from  the  burning  pellet. 

The  temperature  of  the  lime  in  the  ash  is  estimated  from  observations  of 
temperatures  inside  the  pellet  to  be  near  1200  ®C.  This  is  close  to  the 
average  temperature,  1200-1300  °C,  predicted  from  thermodynamic 
considerations . 

From  the  combustion  results,  we  conclude  that  maximum  capture  of  SO2  by  lime 
can  be  predicted  from  thermodynamic  considerations. 
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11 . Appendix 


11.1  Uncertainty  in  the  Total  SOj  in  the  Product  Gas 

The  total  SOj  in  the  product  gas  was  determined  by  monitoring  the  optical 
absorbance  of  the  product  gas  at  the  point  where  it  leaves  the  cold  trap.  The 
absorbance  is  measured  at  1160  cm* ^ in  a 20.25  m path  length  gas  cell  using  a 
microprocessor  controlled  single  beam  infrared  detector.  The  cell  is  held  at  a 
constant  temperature  of  -80  ®C.  The  absorbance  and  the  pressure  at  the  outlet 
of  the  instrument  are  measured  as  a function  of  time  and  the  mole  fraction  of 
SO2  in  the  product  gas  is  calculated  as  a function  of  time  from  a calibration 
equation.  The  total  moles  of  SO2  is  calculated  by  multiplying  the  mole 
fraction  of  SO2  by  the  molar  flow  rate  of  the  product  gas  at  the  exit  of  the 
cold  trap,  called  the  moist  product  gas,  to  obtain  the  molar  flow  rate  of  SO2 
and  then  integrating  the  later  over  the  duration  of  the  combustion  experiment. 

The  molar  flow  rate  of  the  moist  product  gas  is  calculated  from  the  total 
inlet  oxidant  gas  flow  rate  and  two  corrections.  The  first,  called  the 
stoichiometry  correction,  accounts  for  the  difference  in  molar  flow  rate  of 
the  inlet  oxidant  and  dry  outlet  product  gas  at  the  exit  of  the  cold  trap.  The 
second  correction,  called  the  moisture  correction,  is  the  adjustment  to  the 
dry  product  gas  flow  rate  for  the  presence  of  a small  amount  of  water  vapor  in 
the  product  gas.  Formulae  for  the  corrections  and  the  basis  for  estimates  of 
error  in  the  flow  rate  of  the  moist  product  gas  are  given  in  appendix  11.2. 

The  calibration  equation  was  determined  with  SO2  at  0.106  molZ  in  N2  obtained 
from  Matheson  Co.  and  at  0.261  molX  in  N2  supplied  by  the  Gas  and  Particulate 
Division  of  NIST.  The  concentration  of  each  mixture  was  determined  by  Dr. 
Gerald  Mitchell  of  the  NIST  Gas  and  Particulate  Science  Division  using  a 
fluorescence  technique.  Our  detector  was  calibrated  by  measuring  the  optical 
absorbance  as  a function  of  total  pressure  at  the  detector  from  13  kPa  (100 
torr)  to  106  kPa  (800  torr)  under  static  conditions  for  each  mixture.  The  data 
were  fitted  by  least  squares  with  an  equation  expressing  the  partial  pressure 
of  SO2  as  a function  of  absorbance.  The  equation  fits  the  two  sets  of  data 
with  a standard  deviation  of  2.0  Pa  (0.015  torr);  the  maximum  difference 
between  calculated  and  observed  partial  pressures  of  SO2  is  2.2  Pa  (0.017 
torr) . The  error  in  the  mole  fraction  of  SO2  calculated  from  the  calibration 
equation  was  estimated  to  be  a constant  value  of  4.3x10'^.  The  effects  of 
pressure  broadening  by  non  absorbers  are  believed  to  be  within  this 
uncertainty.  The  correction  of  the  static  measurements  to  flow  conditions, 
since  the  product  gas  is  sampled  at  a rate  of  5 slpm,  was  checked  and  found  to 
be  well  within  the  preceding  uncertainty  limits.  The  instrument  gain  for 
experiments  110  to  112  was  the  same. 

The  uncertainty  in  the  total  SO2  measurements  are  estimated  separately  for  the 
high  and  low  lime  pellets  since  the  average  mole  fraction  of  SO2  over  the 
duration  of  an  experiment  is  4.8x10’^  for  the  low  lime  and  7.7x10"^  for  the 
high  lime  experiments. 
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Stoichiometry  correction 
Water  vapor  correction 
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0.4 

0.1 


10 


0.4 

0.1 


Total 


12-16 
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The  smaller  of  the  total  uncertainty  estimates  is  the  square  root  of  the  sum 
of  the  squares;  the  larger  is  the  sum  of  the  separate  errors.  The  above 
estimates  of  error  are  a factor  of  0.5  to  0.8  times  the  23X  reduction  in  the 
values  of  the  total  SOj  required  to  make  the  sulfur  balance  ratios  for  the 
experiments  equal  to  one. 

Sulfur  balance  tables  (similar  to  table  4)  for  earlier  experiments  involving 
coal  were  recalculated  using  the  new  calibration  data  and  method  described 
above  for  the  determination  of  SO2  in  place  of  the  earlier  assumption  that  the 
sulfur  balance  ratio  is  one  and  calculating  the  total  SO2  by  difference.  The 
earlier  experiments  were;  a)  coal  with  cellulose,  experiment  96;  b)  coal  plus 
RDF  of  the  type  used  in  experiments  109  to  112,  experiment  97,  and  c)  coal 
plus  RFD  having  a 2X  lime  binder,  experiment  98.  The  recalculated  sulfur 
balance  ratios  for  experiments  96,  97,  and  98  are  0,97,  1.16,  and  1.00, 
respectively.  The  gain  of  the  SO2  detector  was  not  recorded  for  those 
experiments  so  the  preceding  sulfur  balance  ratios  are  uncertain  in  this 
regard  to  about  lOZ . (Sector  gains  of  the  instrument  have  been  constant  to 
about  this  extent  throughout  the  work.)  None  of  the  results  are  between  0.8 
and  0.7  as  in  the  current  experiments.  A possible  explanation  may  be  that 
other  gaseous  species  are  absorbing  at  the  1160  cm' ^ setting  for  our  detector 
in  the  current  experiments  and  this  causes  the  nominal  SO2  to  be  large.  It  is 
pertinent  that  we  have  not  run  an  infrared  spectrum  of  the  product  gas  for  a 
coal  combustion. 

11.2  Formulae  for  the  Uncertainty  in  the  Total  SO2 
11.2.1  Stoichiometry 

The  flow  rate  of  the  drv  product  gas  at  exit  of  the  cold  trap  is  calculated 
from  the  input  flow  rate,  assuming  that  the  rate  of  any  reaction  or  process 
that  causes  a change  in  the  total  moles  of  gas,  except  the  reaction  for 
production  of  CO,  is  proportional  to  the  rate  of  production  of  carbon  in  the 
products.  The  latter  rate  is  assumed  to  be  the  sum  of  the  molar  rates  of 
production  of  CO2  and  CO.  The  constant  of  proportionality  is  assumed  to  be 
independent  of  time  and  given  by  the  overall  reaction  stoichiometry.  The  error 
in  the  assumption  is  small  when:  (1)  the  rate  and  total  amount  of  hydrocarbons 
of  variable  and/or  unknown  composition  that  are  produced  is  negligibly  small 
and  (2)  the  change  in  moles  produced  by  relevant  reaction  or  processes  that 
fail  to  meet  this  assumption  is  small. 
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Some  bookkeeping  shows  that,  with  the  above  assumption,  the  dry  product  gas 
molar  flow  rate,  given  by; 

N„,,t(dry)  - Ni„/[1-Z]  (11-1) 

where  is  the  total  inlet  oxidant  gas  molar  flow  rate  and  Z is  the 
stoichiometry  correction  cited  in  appendix  11.1.  This  correction  is  given  by: 

Z “ [ Zq  (X^o'*’^02  ) ^o/Z]  (11*2) 

Zq  - -b/4a  + c/2a  - 3d"/2a  + e/2a  + f/4a  (11-3) 


where  X^q  and  Xco2  are  the  mole  fractions  of  CO  and  CO2  in  the  drv  product 
gas.  The  parameters  a,b,c,d",  e and  f are  parameters  in  the  combustion 
reaction  which  is  written  in  the  form: 

no02(g)  + mC.Hb0eSdN,ClfgH20(r)(s)  - (ma-l)C02(g)  + (mb/2-mf/2+g)H20(g) 

+ (l)CO(g)  +(md')S02(g)  + (md")S03(g)  + (me/2)N2(g)  + (mf)HCl(g)  (11-4) 

where  d - d'+d"  (11-5) 

no  - m(a  + b/4  - c/2  + d'+  3dV2  - f/4)  - 1/2  (11-6) 

In  this  last  equation,  (g)  indicates  a gas  and  (s)  a solid.  The  parameter  no 
is  the  moles  of  oxygen  that  react  with  the  solid  combustion  pellet  containing 
m formula  weights  of  a combustible  fraction  that  has  the  formula 
C^HijOe  SjjNgClf  . The  m formula  weights  are  associated  with  g moles  of  residual 
moisture  which  is  designated  gH20(r) . 

The  CO2  and  the  CO  are  measured  in  dry  product  gas  to  eliminate  the  change  in 
zero  offset  of  the  infrared  detectors  that  would  be  caused  by  scattering  of 
light  in  the  infrared  by  droplets  of  condensed  water.  Thus,  the  molar  flow 
rates  of  CO2  and  CO,  Nco2  . are  given  by: 

Nco2  - Xco2Ni„/[l-Z]  (11-7) 

Nco  - XcoNi«/[l-Z]  (11-8) 

The  total  output  flow  rate  from  the  cold  trap  differs  from  the  dry  product  gas 
in  containing  the  mole  fraction  of  water  vapor.  The  total  flow  rate  of  the 
moist  product  gas,  (®oist) , is  given  by: 

Nout(®oist)  - (dry)/[l-Xwv ] (11-9) 

where  is  the  water  correction  cited  in  appendix  11.1.  Thus,  the  molar 
output  flow  rates  of  water  vapor,  N^v • and  SO2  gas,  Ngoa • given  by: 

Nwv  - X»,vNi„/[(l-X^,v)(l-Z)]  (11-10) 

Nso2  “ X502Nj^n/[  (1-X^v  ) (1-Z)  ] (11-11) 
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where  Xgoa  mole  fraction  of  SO2  in  the  moist  product  gas.  Both  and 

Xso2  monitored  in  the  moist  product  gas. 

In  equation  (11-4),  the  value  of  ma  is  the  total  moles  of  carbon  dioxide  and 
monoxide  in  the  product  gas,  the  sum  of  the  integrals  over  the  burn  time  of 
equations  (11-7)  and  (11-8),  The  value  of  mb  is  calculated  from  the  total 
moles  of  water  formed; 

Moles  of  water  formed  - mb/2-mf/2 

- (COL+CT+iv,v*md"  [SO3  ] -mf  [HCl] -RM)/[H20]  (11-12) 

In  equation  (11-12),  COL  and  CT  are  the  increase  in  mass  of  the  collector  and 
cold  trap,  respectively.  The  parameter  n^y  is  the  integral  of  equation  11-10 
and  RM  is  the  residual  moisture  in  the  sample.  Quantities  in  the  brackets  [] 
stand  for  the  molecular  weight  of  the  corresponding  species.  In  equation  (11- 
4),  the  value  for  md'  is  the  total  moles  of  sulfur  dioxide  gas,  the  integral 
of  equation  (11-11).  The  value  of  md"  is  the  total  moles  of  sulfate  in  the 
products,  the  value  of  me  is  the  total  moles  of  nitrogen  in  the  components  of 
the  initial  sample,  and  mf  is  the  total  moles  of  chlorine  in  the  products.  The 
value  of  me  is  calculated  by  difference  using  the  other  stoichiometry 
coefficients  and  the  moisture  and  ash  free  masses  of  the  coal  and  RDF; 

me  - (TM-RM-ASH-ma*[C] -mb*[H] -md*[S] -me*[N] -mf*[Cl] )/[0]  (11-13) 

where  TM  is  the  total  mass  in  grams  of  the  initial  pellet,  RM  is  the  total 
mass  of  residual  moisture,  and  ASH  is  the  ash  from  the  pellet  assuming  the 
lime  does  not  change  mass.  Quantities  in  the  brackets  []  stand  for  the 
molecular  weight  of  the  corresponding  species.  The  sulfur  in  the  ash, 
condensate  and  washings  of  the  combustor,  traps,  and  flow  lines  are  treated  as 
sulfate.  The  values  of  md" , me,  and  mf  were  determined  from  separate  analyses 
by  our  analyst,  Gascoyne  Laboratories.  Using  these  values,  the  values  of  ma, 
the  fraction  of  mb  due  to  the  water  vapor  lost  from  the  combustor,  me,  and  md' 
were  determined  iteratively  from  the  monitored,  CO2 , CO,  water  vapor,  and  SO2 
in  the  product  gas.  Only  one  or  two  iterations  are  needed  to  obtain  results 
that  are  consistent  within  their  uncertainties. 

The  stoichiometry  correction  factor,  Z,  contains  no  terms  for  the  production 
of  CO2  and  SO2 , since  these  reactions  do  not  alter  the  total  flow  rate.  The 
terms  are  for  the  reactions  which  produce  CO,  H2O,  SO3 , N2 , and  HCl.  The  last 
four  reactions  are  accounted  for  in  Zg , equation  (11-3),  and  arise  as  follows. 
The  production  of  water  involves  only  the  consumption  of  O2  at  a rate 
proportional  to  [(mb-mf)/4  - mc/2]  since  no  water  is  present  in  the  dry 
product  gas . The  production  of  SO3  involves  the  consximption  of  oxygen  at  a 
rate  proportional  to  3md"/2  since  it  is  assumed  all  SO3  reacts  with  water  to 
remain  in  the  collector  or  cold  trap  or  is  trapped  in  the  lime  according  to 
reaction  (la)  of  the  text.  Nitrogen  is  produced  at  a rate  proportional  to  me. 
The  production  of  HCl  involves  no  correction  since  we  assume  all  HCl  is 
trapped  in  the  condensate. 
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For  combustion  of  a CHO  organic,  when  no  CO  is  formed,  Zq  is  negative  when 
b>c/2  since  O2  must  be  consumed  to  oxidize  the  H and  0 in  the  pellet  to  H2O. 

In  this  case,  Nom.(dry)  is  < If  b equals  c/2  as  it  does  in  cellulose,  and 

nearly  so  in  the  case  of  RDF,  then  -b/4a+c/2a  is  nearly  zero  and  ~ 

Nout (dry) . 

The  magnitude  of  Zq  in  equation  (11-3)  ranged  from  -0.12  to  -0.14  for  the  four 
experiments  carried  out  in  this  study.  Since  the  mean  value  of  X^o  + ^oz  for 
an  experiment  is  about  0.1,  the  total  outlet  molar  flow  rate,  N^ytCdry),  is 
98. 7X  of  the  total  input  oxidant  gas  flow  rate.  The  mean  value  for  the  mole 
fraction  of  water  vapor  in  the  product  gas  leaving  the  cold  trap  is  1 molZ,  so 
the  net  correction  for  stoichiometry  and  water  vapor  is  0.3X. 

11.2.2  Error  formula  for  SO2 

The  integral  of  equation  (11-11)  over  the  total  burn  time  yields  the  total 
moles  of  SO2  , ngo2  • Since  is  constant  and  and  Z are  small  in 
comparison  to  one.  the  fractional  error  in  the  total  moles  of  SO2 , dnso2/nso2 - 
was  estimated  from; 

d%02/%02  ~ dXso2/^02‘*”  (dN£j,/Ni^jj'*'dX«v+dZ) 

where  dXgQ2  , , dX^v . and  dZ  are  the  the  absolute  value  of  the  uncertainty 

in  the  average  of  Xso2 • , X„v . and  Z,  respectively.  The  sum  of  the 

quantities  in  the  brackets  { ) is  the  fractional  error  in  the  average  flow  rate 
of  the  product  gas. 

11.2.3  Uncertainty  in  the  Total  Inlet  Oxidant  Gas  Flow  Rate 

The  inlet  oxidant  gas  flow  meters  are  calibrated  by  intercomparing  the  various 
flow  meters  with  respect  to  each  other  and  then  calibrating  one  or  more  of  the 
meters  on  an  absolute  basis.  The  ratios  of  total  flow  rates  of  the  individual 
flow  meters  were  checked  and  found  to  be  the  same  (within  2%)  as  those  when 
two  of  the  flowmeters  were  last  calibrated.  Since  one  of  the  flow  meters  has 
not  been  calibrated  recently,  the  uncertainty  in  the  total  flow  rate  was 
increased  from  5Z  at  the  last  calibration  [6]  to  10%.  Thus,  dN^n/Nin  “ 

11.2.4  Uncertainty  in  the  Stoichiometry  Correction 

Since  the  mean  value  of  X^q  is  less  than  IZ  of  the  mean  value  of  Xco2  » ^0 

is  about  0.1,  Z is  given  by 

Z - ( -mb/4+mc/2-3md"/2+me/2+mf/4) (Xco2/®^) 

The  parameter  having  the  largest  uncertainty  in  this  expression  is  the  CO2 
concentration.  The  CO2  concentration  is  measured  by  determining  the  absorbance 
as  a function  of  time  of  the  moist  product  gas  that  has  been  dried.  The  non 
dispersive  infrared  detector  was  calibrated  under  static  conditions  with  10, 
20,  35,  and  50  molX  CO2  in  O2 . A correction  is  applied  to  convert  from  static 
to  flow  conditions.  The  coefficients  in  the  calibration  equation  are  corrected 
for  each  "unknown"  measurement  to  the  actual  total  pressure  at  the  detector 
using  pressure  factors  determined  in  the  calibration.  The  uncertainty  in  Xco2 
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was  set  at  lOZ  (constant  over  the  range)  because  the  detection  system  was 
found  to  be  operating  improperly  after  the  experiments  had  been  completed. 

Using  equation  (11-13),  one  has  from  the  preceding  formula: 

dZ~(Xco2/“a)*d(mc)/2-Xco2*( [C]/[0] )*(d(ma)/ma)/2 

-Xco2*([C]/[0])*(dXco2/Xco2)/2 
-0.1*12/16*102/2  - 0.382 

11.2.5  Uncertainty  in  Water  Vapor  Correction 

The  mole  fraction  of  water  was  determined  by  measuring  the  absorbance  at  -1540 
cm' ^ (nominal  instrument  setting)  of  the  moist  product  gas  using  the 
microprocessor  controlled  infrared  detector  used  to  monitor  SO2 . A component 
of  the  product  gas  having  a higher  dew  point  than  water  interferes  with  the 
dew  point  meter  that  is  ordinarily  used  for  this  purpose.  The  detector  was 
calibrated  by  comparison  of  absorbance  with  the  mole  fraction  of  water  for 
earlier  experiments  where  the  dew  point  meter  was  operating  properly.  The 
uncertainty  in  the  mole  fraction  of  water  vapor  is  estimated  to  be  0.1  of  the 
mean  value.  Thus,  dX^y  - 0.1*  12  - 0.12. 

11.3  Ash  Computations 

To  account  for  the  formation  of  CaSO^  in  the  calculated  ash,  the  mass  percent 
sulfur  in  the  ash,  2S,  is  expressed  in  terms  of  the  moles,  y,  of  CaSO*  formed 
as  given  by: 

2S/100-  y*AW(S)/[x*AW(lime)+  y*AW(CaS0^ )+  ash(coal)+  ash(RDF)+  MnOj ] (11-12) 

In  equation  (11-12),  x is  the  moles  of  unreacted  lime,  AW  stands  for  atomic 
weight  of  the  species  in  parentheses,  and  ash  is  the  mass  of  ash  contributed 
by  the  component  of  the  initial  sample  enclosed  in  parentheses,  and  Mn02  is 
the  mass  of  the  catalyst  in  the  sample.  Taking  advantage  of  the  fact  that 

(x+y)*AW(lime)  - lime 

where  lime  is  the  mass  of  lime  added  to  the  initial  sample,  one  can  rewrite 
equation  (11-12)  in  the  form: 

2S/100  - y*AW(S)/[y*(AW(CaSO* )-AW(lime))  + Ash] 

where  Ash  is  the  sum  of  the  ash  contributed  by  each  component  of  the  initial 
sample  separately  without  any  formation  of  CaSO*  (or  lime  loss,  etc.).  The 
mass  change  to  be  added  to  ash  is  given  by: 

CaSO*  form.  - y*(AW(CaS0* ) -AW(lime) ) 

- Ash*2S/100*62 . 0428/ [32.06-62. 0428*28/100 ] 

where  32.06  is  AW(S)  and  62.0428  is  AW(CaS04 ) -AW(lime) . 


23 


The  assumptions  of  the  calculation  are  that  the  total  ash  is  the  sum  of  the 
ash  from  the  separate  components,  the  calcium  from  the  RDF  does  not  bind 
sulfur  as  CaSO^  , and  the  lime  that  is  not  converted  to  CaSO^  is  rehydrated  to 
Ca(0H)2  in  the  final  ash. 

To  take  into  account  calcium  loss,  the  calcium  balance  ratios  are  assumed  to 
be  correct  and  the  calcium  loss  is  assumed  to  be  due  to  loss  of  the  original 
lime  by  entrainment  in  the  product  gas  stream  and  deposition  in  the  flow  lines 
and/or  filters  down  stream  of  the  collector.  All  CaSO^  and  calcium  contributed 
by  the  RDF  is  arbitrarily  assumed  to  remain  in  the  ash.  The  mass  of  lime  is 
corrected  for  loss  by  multiplying  by  the  factor  (Ca  in  ash  - Ca  in  RDF)/(Ca  in 
lime)  using  values  given  in  table  4. 

11.4  Effective  Ash  Temperature. 

The  partial  pressure  of  SO2  , Pso2  • ^2  > ^02  » equilibrium  constant 

Kgq,  equation  (lb)  of  the  text,  were  calculated  as: 

Ps02  - Nso2Pcoffl/[Nout  + Nwv  ] 

^02  “ [Nin^2  *^02  om/ [Nqu  t ] 


where  Nsoa  * . and  have  been  defined  in  appendix  11.2  and  are 

calculated  according  to  equations  (11-1)  through  (11-11).  is  the  rate  of 
production  of  water  that  remains  trapped  in  the  collector  plus  cold  trap,  X02 
is  the  mole  fraction  of  O2  in  the  inlet  oxidant  gas,  No2(con)  is  the  molar 
rate  of  consumption  of  oxygen  during  the  combustion,  and  Pcom  combustor 

pressure.  The  value  of  is  given  by  : 

“ ^(Nco2'*’  NcQ)/ma  (11-13) 

where  n^,  is  the  total  moles  of  water  trapped  in  the  collector  and  cold  trap, 
N(;o2  is  molar  rate  of  production  of  CO2  , is  the  molar  rate  of 

production  of  CO,  and  ma  is  the  total  moles  of  carbon  dioxide  plus  carbon 
monoxide  produced  during  the  combustion  (see  equation  (11-4)).  In  equation 
(11-13),  it  is  assumed  that  the  residual  moisture,  which  is  about  5Z  of  the 
total  water  produced,  is  vaporized  at  a rate  proportional  to  the  combustion 
rate.  The  molar  rate  of  consumption  of  oxygen  is  given  by: 

No2 (®®^)  “ Zj (Ngo2+Ngo ) "Ngo/^ 

where 

Zj  - l+b/4a-c/2a+d'/s+3d"/2a-f/4a 

and  the  parameters  a,  b,  c,  d' , d" , and  f are  as  defined  for  the  combustion 
reaction,  equation  (11-4),  and  are  calculated  as  described  in  appendix  11.2. 

In  our  experiments  n^/ma  is  about  0.38  and  is  about  1.16. 

The  error  estimate  for  T, q was  calculated  as  follows.  Assuming  an  uncertainty 
of  102  in  Xco2.  105^  in  P,,,,^,  and  52  in  X02,  the  estimated  error  in  K,,  is  272. 
Using  equation  (2)  of  the  text,  this  results  in  an  error  of  (1200)^x0.27/57701 
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- 7K  in  T,q.  This  7K  was  added  to  a)  the  uncertainty  of  representation  of  the 
thermodynamic  data  by  equation  (2)  of  the  text  of  lOK  plus  b)  another  lOK  due 
to  uncertainty  in  the  thermodynamic  data  itself.  This  gives  an  overall  error 
estimate  of  27K  in  which  we  have  rounded  to  30K. 

In  calculating  T,q  , the  value  of  Ngoz  adjusted  so  that  the  sulfur  balance 

ratio  for  each  experiment  is  one.  This  alters  the  ash  temperature,  T.^ , by 
lOK.  The  rate  of  sulfur  capture  in  slpm,  shown  in  figures  10  and  11,  is 
calculated  as  the  SO2  if  no  lime  were  present  minus  the  observed  SO2 . The 
molar  rate  of  SO2  produced  when  no  lime  is  present,  n'so2>  calculated 
from: 


^*S02“(^  . ash"*"  ^02)(^C02'^  N(;o)/nia 

where  rig  moles  of  sulfur  captured  by  the  lime  and  nso2  moles 

of  SO2  gas. 

11.5  Gas  Thermocouples 

11.5.1  Introduction 

Some  simple  linear  models  were  used  to  estimate  the  difference  between  the 
observed  temperature  and  the  true  gas  temperature  and  are  discussed  in  detail 
because  of  the  importance  of  the  result.  The  gas  thermocouple  in  its  insulator 
without  its  surrounding  aspiration  tube,  the  usual  arrangement,  is  referred  to 
as  the  regular  thermocouple.  When  the  aspiration  shield  is  in  place,  the 
thermocouple  is  referred  to  as  the  aspirated  thermocouple.  The  model  for  the 
regular  thermocouple  is  considered  first  and  then  the  model  for  the  aspirated 
thermocouple  in  combination  with  an  analysis  of  the  aspiration  experiment 
carried  out  in  experiment  112  is  described. 

11.5.2  Model  for  the  Regular  Gas  Thermocouple 

To  estimate  temperature  corrections  for  the  regular  thermocouple,  we  assume 
the  radial  temperature  gradients  are  negligible  in  comparison  to  axial 
temperature  gradients  within  the  thermocouple.  The  energy  balance  equation  for 
the  thermocouple  at  each  position  x is  given  by  equation  (11-14)  of  table  7. 

In  equation  (11-14),  T,  is  the  radiant  temperature  of  the  environment,  T is 
the  temperature  of  the  thermocouple,  a is  Planck's  constant,  c is  the 
emissivity  of  the  surface  of  the  thermocouple,  D is  its  diameter,  hg  is  the 
convective  heat  transfer  coefficient  per  unit  area,  Tg  is  the  gas  temperature, 
and  Dg  is  the  diameter  of  the  boundary  layer  around  the  themnocouple . The 
parameter  k is  the  thermal  conductivity  and  the  parameter  a is  the  cross 
sectional  area.  We  assume  Dg  — D and  that  the  values  of  Tg  and  T,  are  constant 
and  independent  of  position. 

Radiant  heat  transfer  is  linearized  as  indicated  by  equations  (11-15);  T,  is 
an  "average"  temperature  selected  for  evaluating  the  heat  transfer 
coefficient.  The  heat  transfer  coefficient  for  gas  convection,  hg , is 
evaluated  using  equations  (11-16).  The  parameter  kg (Tg ) is  the  thermal 
conductivity  of  the  gas  at  Che  absolute  temperature  Tg , Re  is  the 
corresponding  Reynolds  number,  and  D and  b are  constants.  The  parameter  nvg  is 
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Che  velocity  of  flow  past  Che  thermocouple  tube  expressed  as  some  multiple  n 
of  the  drift  velocity  Vq . The  parameter  6 is  the  kinematic  viscosity  of  the 
gas  . 

Since  the  thermocouple  junction  and  first  0.7  cm  of  its  leads  are  bare,  the 
temperature  of  the  thermocouple  is  approximated  as  the  solution  of  equation 
(11-14)  for  the  case  where  e,  D,  hg , k,  and  a have  values  corresponding  to  the 
bare  wire  between  x-0  and  x-l'-0.7  cm  and  to  a different  set  of  values  e',  D' , 
hg ' , k' , and  a'  which  represent  the  combination  of  the  insulator  and  wire 
(which  we  call  the  ins/wire  model)  between  x-1'  and  x-1-9.5  cm.  The 
temperatures  in  the  two  regions  are  referred  to  as  T(x)  and  T'(x).  The 
boundary  conditions  are  given  in  equations  (11-17). 

The  reason  for  explicit  inclusion  of  the  fact  that  the  first  0.7  cm  of 
thermocouple  is  bare  can  be  seen  directly  from  the  algebraic  form  of  the 
solution  to  equations  (11-14)  and  (11-17)  at  x-0,  T(0) , which  is  given  by 
equation  (11-22)  in  table  9.  The  parameters  Ag  and  A are  for  the  bare  wire  and 
Ag ' and  A'  are  for  the  ins/wire.  The  first  two  terms  (terms  are  labeled  by 
Roman  numerals)  on  the  right  hand  side  (r.h.s.)  of  equation  (11-22)  determine 
whether  or  not  the  thermocouple  junction  behaves  more  closely  as  a bare  wire 
or  a bare  wire  encased  in  the  insulator.  This  can  be  established  by  noting 
that  when  1'  goes  to  zero,  the  first  two  terms  reduce  to  Ag'Zg/A',  the 
expression  for  the  ins/wire  model.  When  1'  approaches  1,  cosh^ ' goes  to  1 and 
Q gets  large.  Thus,  the  second  term  becomes  much  smaller  than  the  first, 
AgZg/A,  and  when  added  to  the  fourth  term  on  the  r.h.s.  of  equation  (11-22) 
gives  the  expression  for  a completely  bare  wire  of  length  1.  The  question  at 
issue  was  whether  the  thermocouple  behaved  more  like  it  was  a bare  wire  or  a 
wire  completely  covered  by  insulator. 

The  term  involving  Z(l)  on  the  r.h.s.  of  equation  (11-22)  is  the  immersion 
error,  Z(0)  when  Zg  is  zero. 

Parameters  used  to  evaluate  equations  (11-14)  and  (11-17)  are  given  in  values 
of  paramters  and  the  equations  (11-18)  in  the  bottom  half  of  table  7.  For  the 
bare  wire,  we  calculated  hg  using  the  diameter  of  a single  wire  and  doubled 
the  value  for  both  the  radiant  and  convective  heat  transfer  to  account  for 
both  wires.  The  area,  a,  is  for  two  wires.  The  thermal  conductivity  , k,wire, 
is  for  platinum.  The  product  ka  of  the  combined  wire/insulator  portion  is  the 
sum  of  the  separate  products  for  each  of  the  wires  and  the  insulator.  The 
thermal  conductivity  of  the  alumina  insulator,  k,ins,  is  a linear 
interpolation  between  the  values  at  800  ®C  and  24  °C  supplied  by  the 
manufacturer.  The  thermal  conductivity  of  the  insulator  wire  combination, 
k,eff,  is  the  sum  of  that  for  the  wire  and  the  insulator  weighted  according  to 
their  respective  areas.  The  value  of  f was  evaluated  at  300  ®C  to  be 
consistent  with  the  model  of  the  aspirated  thermocouple  and  not  because  the 
temperature  of  the  wire  is  close  to  this  value.  We  assumed  that  flow  of  the 
product  gas  is  perpendicular  to  the  thermocouple  or  insulator  and  used  values 
for  a and  b from  King's  studies^  for  Re<100.  The  drift  velocity  Vq  was 
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calculated  using  the  inner  diameter  of  the  combustor  of  41  cm  and  assuming  the 
product  gas  is  leaving  the  combustor  at  a rate  of  210  slpm.  Calculations  were 
made  for  n-1  and  n-5.  The  value  of  T(0)  was  kept  constant  at  600  ®C  (873K)  for 
reasons  that  will  be  evident  below,  and  equation  (11-14)  was  solved  for 
various  values  of  X-Te-T(O)  to  obtain  corresponding  values  of  Y-T(0)-Tg.  The 
results  can  be  expressed  in  the  form  of  equation  (11-23). 

Y - (ci  +C2X)(X+Y)  -h  (bi  +b2X)  (11. 

23) 

The  results  for  the  range  -200^<200  are  given  under  the  heading  of  model  II 
in  table  10. 

The  corresponding  values  for  the  parameters  for  a bare  wire  having  a length  of 
9.5  cm  are  given  under  the  heading  of  model  VI  and  for  the  ins/wire  model  with 
the  junction  covered  with  insulator  under  model  V of  table  10.  Thus,  the 
regular  thermocouple  characteristics,  model  II,  are  intermediate  between  the 
bare  wire,  model  VI,  and  the  covered  wire,  model  V.  The  negative  of  bi+b2X  is 
the  immersion  error. 

It  is  clear  that  the  formula  used  for  summarizing  the  calculations  in  table 
10,  equation  (11-23),  results  in  a single  equation  with  two  unknowns,  T,  and 
Tg , since  T(0)  is  the  temperature  registered  by  the  thermocouple  junction.  To 
obtain  a second  equation  to  solve  for  the  unknowns,  we  looked  at  the  results 
of  the  aspiration  experiment. 

11.5.3  The  Aspiration  Experiment 

The  results  of  the  aspiration  experiment  during  run  112  are  shown  in  figure 
12.  The  temperatures  of  the  aspirated  and  the  regular  gas  lower  side 
thermocouples  are  plotted  as  a function  of  time  in  curves  A and  B, 
respectively.  The  thermocouple  in  the  aspiration  shield  is  called  the 
aspirated  thermocouple  whether  the  aspiration  flow  rate  is  zero  or  not.  In  the 
lower  half  of  the  figure  the  temperature  of  the  aspirated  minus  the  regular 
thermocouple  and  the  aspiration  flow  rate  are  plotted  as  a function  of  time  in 
the  difference  curves  C and  D,  respectively.  This  temperature  difference  is 
used  to  at  least  semi-quantitatively  cancel  out  variations  in  temperature  due 
to  variations  in  heat  release. 

According  to  the  difference  plot,  curve  C,  the  regular  and  aspirated 
thermocouple  temperatures,  apart  from  expected  lags,  are  within  10-20  °C,  when 
the  aspiration  flow  rate  is  zero.  This  result  was  unexpected  since  it  suggests 
that  the  gas  and  radiant  temperature  are  nearly  equal,  and  thus,  fortuitously, 
the  difference  between  the  observed  (i.e.,  with  a regular  thermocouple)  and 
actual  gas  temperature  ought  to  be  small.  In  any  event,  the  additional 
measurement  with  the  aspirated  thermocouple  should  be  sufficient  to  provide  a 
second  relation  of  the  form  of  equation  (11-23). 

The  main  plateau  of  values  for  the  regular  side  gas  thermocouples  is  near 
600  °C;  hence,  the  reason  for  the  selection  of  600  °C  for  T(0)  in  the 
preceding  calculation. 
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11.5.4  Model  for  the  Aspiration  Thermocouple  (No  Aspiration) 

The  aspiration  thermocouple  is  mounted  inside  an  aspiration  tube.  The  model 
adopted  for  the  case  when  no  gas  is  aspirated  is  that  the  thermocouple  can  be 
approximated  by  the  combination  of  insulation/wire  described  above  over  its 
full  length.  This  keeps  the  algebra  reasonably  simple  and  is  justified  on  the 
basis  that  details  of  the  heat  transfer  to  the  thermocouple  junction  are 
relatively  unimportant;  the  junction  will,  apart  form  an  immersion  error, 
register  the  temperature  of  the  end  of  the  aspiration  tube. 

The  energy  balance  equations,  neglecting  radial  temperature  gradients  within 
the  aspiration  tube  and  thermocouple,  are  given  by  equations  (11-19)  of  table 
8.  In  these  equations,  T^  is  the  temperature  of  the  aspiration  tube  and  T2  is 
the  temperature  of  the  thermocouple,  and  similarly  for  the  subscripted  symbols 
k,  a,  and  D.  ' is  the  diameter  of  the  hole  in  the  aspiration  tube,  and  D2  is 
the  diameter  of  the  ins/wire  model  of  the  regular  thermocouple.  The  parameter 
Hi  2 is  a heat  transfer  coefficient  per  unit  axial  length  and  was  estimated  to 
be  the  sum  of  that  by  conduction  and  radiation  between  the  thermocouple  and 
shield  as  given  by  equations  (11-20).  Equations  (11-20)  neglect  heat  transfer 
between  locations  on  the  shield  and  thermocouple  that  are  not  at  the  same 
value  of  x;  the  error  is  such  that  the  heat  transfer  is  overestimated  towards 
x-0  and  underestimated  towards  x-1. 

Solving  equations  (11-19)  with  the  boundary  conditions  (11-21)  gives  the 
results  listed  for  model  I of  table  10.  The  numerical  value  of  c^  indicates 
the  aspiration  couple  registers  a temperature  nearer  T,  than  Tg  than  the 
regular  thermocouple.  (Neglecting  C2X  and  b2X  in  comparison  to  c^  and  b^ , 
respectively,  equation  (11-23)  becomes  T(0)  - c^T,-*-  (l-Ci)Tg  + b^  . ) 

Calling  T(0)  for  the  aspirated  couple  and  regular  thermocouple  T,  and  T^ , 
respectively,  models  I and  II  were  used  to  determine  T, -Tj  and  T, -Tg  for 
various  values  of  T^-T^.  The  results  for  the  two  flow  velocities  are  given  at 
the  bottom  of  table  10.  The  average  value  of  T^ -T,  for  the  time  from  57  to  79 
minutes  in  the  aspiration  experiment,  which  just  precedes  the  first  actual 
aspiration  of  gas  through  the  thermocouple,  is  +12  ®C.  This  suggests  that  T^ - 
Tg  and  T, -Tg  are  between  0 and  -1  °C  and  -5  and  -6  ®C,  respectively.  During 
the  time  interval  preceding  the  last  aspiration  from  115  to  124  minutes,  T^ - 
Tg  is  +24  °C  which  places  T^ -Tg  from  -24  to  -9  °C  and  T, -Tg  between  -2  and  - 
36  ®C. 

Curve  C of  figure  12  shows  that  there  is  an  increase  of  -55  ®C  in  the  first 
and  -30  °C  in  the  second  aspiration  but  essentially  none  in  the  third 
aspiration.  Moreover  in  the  first  two  aspirations,  the  change  in  temperature 
with  flow  rate  above  17  slpm  is  insignificant.  Our  interpretation  is  as 
follows.  For  the  aspiration  flow  rates  we  used,  the  aspirated  couple  registers 
the  temperature  of  the  aspirated  gas  with  an  estimated  error  less  than  5 °C. 
Because  the  aspiration  flow  rate  greatly  exceeds  the  probable  isokinetic 
sampling  rate,  the  local  flow  pattern  of  gas  is  altered  from  that  present  at 
zero  aspiration  flow  rate.  More  inlet  oxidant  gas  relative  to  the  hotter 
product  gas  is  being  pulled  into  the  aspiration  tube  as  the  aspiration  flow 
rate  increases.  In  the  third  aspiration,  we  see  no  temperature  rise  because  at 
the  start  of  the  third  aspiration,  the  CO2  production  is  dropping  rapidly.  We 
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have  already  inferred  from  the  lower  pellet  thermocouple  data  that  the  ash  and 
burning  sample  are  falling  into  the  ash  pan.  Thus,  the  hot  product  and  inlet 
oxidant  gas  are  already  relatively  well  mixed  and  no  temperature  rise  occurs. 


11.5.5  Discussion 

To  determine  the  effect  of  neglecting  the  temperature  difference  between  the 
wire  and  the  insulator  in  the  ins/wire  model,  equations  (11-19)  were  used  to 
evaluate  the  performance  of  a wire  completely  covered  with  insulator.  The 
results  are  listed  as  model  IV  in  table  10.  Comparison  with  the  results  of 
model  V,  where  this  difference  is  neglected,  shows  the  error  is  small.  The  use 
of  a value  of  T,  for  the  bare  junction  that  is  close  to  its  actual 
temperature,  600  °C,  results  in  a small  change  in  the  parameter  Cj^  as 
indicated  by  model  II  versus  model  III  of  table  10. 

The  linearization  of  radiant  heat  transfer  using  a T^  of  300  °C  in  combination 
with  the  neglect  of  the  variation  of  k,eff  with  temperature  of  the  models 
means  that  the  effective  radiative  heat  transfer  is  underestimated  by  a factor 
of  2.47  at  600  °C  and  overestimated  by  a factor  of  2.2  at  room  temperature. 

The  term  for  convective  heat  transfer  is  underestimated  by  a factor  of  1.47  at 
600  °C  and  overestimated  by  a factor  of  1.3  at  room  temperature  due  to  the 
temperature  variation  of  k,eff  of  the  model.  Thus,  the  models  underestimate 
the  radiative  relative  to  the  convective  heat  transfer  term;  the  shift  in 
results  would  be  towards  larger  values  of  the  parameter  Ci+C2X.  Since  C1+C2X 
is  bounded  (i.e.,  it  must  be  less  than  one),  it  follows  that  values  of  T, -Tg 
will  be,  in  reality,  larger  for  a given  value  of  T^ -T,  than  our  estimates.  A 
change  by  a factor  of  two  in  the  values  of  T^ -Tg  might  be  expected  for  a given 
value  of  Tj -T, . Thus,  we  estimate  the  magnitude  of  T, -Tg  to  be  within  100  °C 
after  aspiration  and  prior  to  burnout  and  T^-Tg  to  be  within  50  °C. 
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Table  1 Pellet  Composition,  Properties  of  Coal  and  RDF 
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5 Water  soluble  chlorine 


u 

o 

O 

o 

o 

o 

o 

o 

u 

B 

o 

o 

m 

o 

o 

o 

o 

o 

0) 

CM 

CM 

m 

CM 

1-4 

u 

a 

< 

c 

a 

© 

u 

1 

u 

CJN 

o- 

CM 

oo 

CM 

)4 

vO 

( 

u 

CM 

o 

o 

CO 

o 

o 

1-4 

CM 

(V 

i 

v 

bO 

. 

o 

o 

1 

o 

o 

O 

o 

o 

o 

O 

o 

o 

o 

o 

c 

o 

1 

c 

o 

© 

1 

© 

CM 

O 

o 

bO 

CM 

CM 

m 

if 

CM 

oo 

CM 

0) 

00 

m 

o 

'd' 

oo 

o 

CO 

ON 

CM 

o 

o 

NO 

3 

00 

4J 

o 

o 

c 

o 

CM 

o 

O 

o 

. 

CO 

o 

o 

CO 

CO 

ca 

o 

3 

o 

> 

1 

o 

e 

B 

O 

o 

o 

O 

o 

o 

o 

1 

< 

a 

o 

o 

m 

O 

o 

o 

o 

o 

1 

0. 

CO 

f-M 

CO 

1-4 

m 

CM 

1-4 

t 

CO 

f-4 

1-4 

4J 

1 

ij 

r«. 

O 

ON 

o 

>d- 

CM 

^4 

VO 

U 

1 

u 

CM 

o 

1-4 

o 

-o 

o 

o 

CM 

CM 

9) 

rH 

$ 

4) 

bO 

• 

• 

. 

o 

V 

1 

U 

o 

o 

o 

o 

o 

O 

o 

o 

o 

o 

C 

o 

1 

c 

o 

© 

1 

© 

1— < 

O 

o 

bO 

CM 

CM 

CM 

CO 

m 

o 

o 

VO 

NO 

(U 

m 

tn 

CM 

>d- 

o 

mJ- 

1-4 

1-4 

^4 

o 

o 

On 

ON 

3 

O 

• 

. 

4J 

• 

• 

. 

o 

1-4 

1 

ro 

o 

c 

o 

CO 

o 

o 

1-4 

. 

o 

o 

CO 

CO 

1 

3 

o 

> 

1 

O 

4) 

1 

e 

B 

o 

O 

o 

o 

o 

o 

o 

U 

1 

< 

a 

o 

o 

m 

o 

o 

o 

c 

« 

a 

CO 

«a- 

CO 

in 

CO 

1 

1-4 

f-4 

rH 

Cfl 

CQ 

• 

44 

1 

u 

r-i 

CM 

ON 

CM 

1-4 

so 

4f 

CO 

On 

V4 

o 

<V 

1 

>-l 

CM 

o 

o 

o 

-o 

o 

o 

CM 

CM 

O 

CM 

C 

1 

4) 

bO 

• 

• 

• 

• 

• 

• 

U 

1-1 

1 

U 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

c 

O 

S-l 

1 

c 

© 

o 

1 

© 

1 

o 

VC 

© 

bO 

t-l 

o^ 

CM 

1-4 

CM 

CM 

CM 

CM 

CM 

ON 

9) 

m 

CJ 

O 

CM 

CM 

I? 

o 

CM 

■o 

o 

r>i 

1-4 

■o 

VO 

3 

O 

• 

. 

iJ 

. 

. 

• 

• 

• 

t 

f-4 

1 

o 

c 

o 

CO 

o 

o 

^4 

o 

CO 

o 

o 

fO 

1 

ca 

3 

t 

> 

CN 

1 

1 

o 

e 

B 

o 

O 

o 

o 

o 

o 

o 

o 

1 

1 

0) 

1 

<5 

Q. 

o 

liO 

m 

o 

m 

m 

o 

o 

1 

t-H 

1 

a 

CM 

O 

CM 

so 

1-4 

-0 

1 

1 

t-4 

1 

C9 

1 

H 

1 

1 

44 

t 

ij 

CO 

On 

CM 

1-4 

C^ 

CM 

so 

Mf 

in 

1 

>4 

o 

1 

u 

CM 

o 

^4 

o 

O 

o 

o 

CM 

1 

9) 

CM 

1 

0) 

bO 

. 

> 

• 

• 

. 

. 

• 

• 

• 

1 

U 

1 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

O 

1 

c 

o 

1 

c 

t 

© 

I 

© 

1 

On 

VC 

o 

bO 

o» 

CM 

-a- 

o 

CM 

m 

CO 

CO 

00 

• 

9> 

m 

O 

o 

o 

CO 

CO 

o 

CO 

uo 

o 

1-4 

1-4 

1-4 

en 

1 

3 

• 

a 

• 

• 

. 

. 

• 

• 

• 

1 

1-4 

• 

1 

o 

C 

O 

CO 

o‘ 

o 

•-4 

o 

CO 

o 

o 

CO 

cn 

1 

< 

1 

3 

1 

> 

1 

1 

O 

B 

B 

o 

o 

o 

o 

o 

o 

o 

o 

1 

» 

1 

•< 

a 

o 

O 

UO 

o 

o 

uo 

o 

o 

1 

1 

a 

CO 

yc 

CO 

VO 

1-^ 

-o 

Mf 

1 

1 

CO 

1-4 

. . 

• 

• • 

f-4 

9> 

1^ 

0) 

44 

•o 

/«-S 

C 

le 

fei 

a 

CO 

S 

3 

£ 

4C 

c 

44 

c 

44 

u 

M 

o 

q 

o 

q 

«H 

c 

O 

w 

to 

o 

3 

1-4 

c 

ca 

ce 

o 

u 

« 

M 

(8 

(d 

u 

O 

9> 

9) 

1-4 

B 

»4 

»4 

s 

1-4 

c 

1-4 

f-4 

© 

i4 

•-4 

© 

© 

© 

© 

-4 

© 

© 

© 

>4 

- 

* 

>4 

M 

V 

0) 

CM 

0 

• 

• 

• 

1 

1 

1 

O 

• 

1 

• 

• 

44 

a 

B 

o 

44 

44 

44 

^4 

^4 

44 

1-4 

44 

44 

44 

O 

X 

i4 

c 

x: 

O 

0 

o 

© 

© 

a 

o 

JS 

O 

© 

o 

0 

H 

bJ 

£ 

o 

H 

H 

H 

H 

© 

H 

H 

H 

1-4 

CM 

CO 

>0 

in 

VO 

ri 

00 

OV 

O 

1-4 

CM 

r4 

f-4 

f-4 

31 


13  (Tot.  Cl  ash)/  0.04  0.02  0.03  0.02  0.00  0.02  0.01  0.02 

(Tot.  Cl  Out) 


0) 

u 

c 

cfl 

f-H 

C9 

CQ 

!-i 

3 


J3 

3 

H 


OO 

lTiO 


ro  O 


iJ 

U 

0) 

o w 

c 

3 


Ul 

0)  tiO 

o 

c 

33 


4J  tkO 

c 

3 

O 


4J 

Ul 

OJ  bO 
V 

c 

3 


o 

.-lOO 

ooo 


fH  o 

--^oo 

vor'.O 

i-ICMO 

ro 


OCMi-H 

OPOO 

fOOO 


o 

.-400 


CM 

o 


>3- 

pn 


CM 

pnr^ 

Ov 

o 

o 

vOf-l 

vO 

r^po 

m 

VO.— 1 

inir> 

VO 

r^cM 
CM  CM 

39. 

CM 


ir>  o 

CM 


o 


CM  0.00 

O 


U 

U 

0)  00 
tj 

c 

33 


4J 

U 

0)  bO 

(J 

c 

o 


CMlTli-l 

.— ipno 

pnoo 


CMp-IO 

f-iOO 


pn 


o o 

f-4*0 


m 


O 


< o 

I • 

I CM 


m 


OO 

oor^O 

Mr.-4 

m 

OvvO 

. 0) 

u^CN 

. • . 

• 

■ 

* • 

. 3 

• • 

4J  OO 

r'CMO 

o 

CM 

CJvO 

ON 

1 

1 

r-»0 

c 

CM 

pn 

CM  CM 

m 

( (d 

i 

3 

' > 

1 

1 

O 

s 

CM  CM  .-4 

«J  o 

1 

1 

1 

< 

vOPOO 

po'O 

1 

1 

1 

ht 

CMOO 

ri 

1 

1 

.-•.-lO  CM  VO  CM  CMO 

.-400  r-l  O O '3'CM  m 


3 

( 

O 

vOO 

CJ'OO 

OV 

mcN 

CM 

1 

. a> 

t/3 

OCM 

. • • 

• 

» • 

. • 

• 

• 3 

u bO 

CMpno 

m 

mm 

in 

com 

O' 

1 

m 

1 

1 

1 

1^0 

c 

3 

O 

PO 

PO 

fHm 

pn 

I (0 

1 > 

1 

00 

pn 

vO 

<r 

'4’ 

rH 

O 

O 

O 

o 

m 

o 

o 

o 

O 

o 

o 

O 

VO 

Mf 

o. 

VO 

00 

00 

o 

00 

pH 

VO 

CO 

o 

o 

O 

O 

o 

o 

o 

d 


•o 

o 

vO 

CM 

m 

CM 

o 

o 

o 

o 

pn 

o 

o 

o 

o 

o 

O 

00 

m 

vO 

m 

<r 

ov 

CM 

p^ 

o 

CM 

vO 

o 

o 

o 

o 

o 

o 

m 

m 

p^ 

f'* 

pn 

vD 

O 

o 

o 

o 

o 

pn 

d 

d 

d 

o 

o 

o 

pn 

O 

CM 

O' 

pn 

p^ 

<r 

<r 

CM 

O' 

pn 

'3‘ 

'J 

fH 

CM 

00 

d 

o 

d 

o 

o 

o 

o 

00 

o 


00 

o 


vO 


00 

o 


ov 

o 

o 


* 

1 

y-s. 

O' 

O' 

vOO 

p>-pno 

O 

rH^ 

O' 

' o 

• V 

o 

cn 

m 

O' 

00 

O 

OO 

• . • 

• • 

• 

1 • 

1 

• 3 

o 

•o 

o 

CN 

1 

pH 

• 

4J  bO 

CM  CMO 

in 

mm 

CM 

t 

f 

* m 

• 

• 

• 

1 

1 

r^O 

C 

m 

cn 

rH^ 

rH 

0 

< CO 

o 

o 

o 

O 

o 

1 

1 

3 

' > 

Nap*' 

1 

e 

1-4 

CM  O 

1 

1 

< 

00  CMO 

vO’O 

1 

\ 

\ 

1 

• • • 

• 

1 

/*S 

I 

CMOO 

• • 

u 

\ 

CJ  VI 

W C3 

CO 

N 

CO  .-4 

o 

X 

to  0) 

• 

0)  (0 

s 

X 

V E 

IM 

S U 

\ 

CO 

r-t  0) 

>-l 

• 

•4«*S 

•o^ 

4U.  B 

• * 

X 0 

•o 

«.  • 

X iJ 

x^ 

CM  AJ 

C 4-> 

3 <V 

CNCN 

4J 

1-1  M 

• • 

OQ.-4 

u 

0)  U 

c 

CM  CM 

iJ 

C 3 

m 3 

u C 

O 3 

0 3 

•H  E 

OO 

c 

CO  CO 

c 

OOC!r-t 

C 

3 

«s  - 

o 

OO 

3 

PHO 

coo 

COt-H 

CO  O 

VO 

•H 

CO  CO 

0) 

HH 

o 

X 

u 

COCO 

o 

co-^ 

E 

0) 

coco 

coco 

coco 

coco 

coco 

00  CO 

•H 

CO  CO  CO 

CO 

CO  0) 

CO 

coco 

CO 

w w 

>-i 

3 

3 

<U  (U 

(U 

OCM 

•m 

• • • 

• 

*4-1 

• 

• 

• • 

• 

U iJ 

4J  4J 

4J  4J 

4J  4J 

iJ  4J 

^ pH 

4J  U 

a 

eo 

4J  4J  iJ 

u 

u 

4J 

iJ  u 

4J 

o o 

O O 

o o 

0 0 

0 o 

o o 

0 o 

X 

^ c 

3 

OOO 

0 

3 

0 

O 

0 o 

o 

HH 

HH 

HH 

HH 

HH 

E E 

HH 

u 

-JS 

CO 

HHH 

H 

CO 

H 

H 

HH 

H 



ww 

i-tcMpn 

>0 

mvo 

PM 

OOO' 

o 

pH 

CM 

m 

-o 

m 

vO 

pH 

fH 

fH 

32 


Table  4 Calciiun  Balance 
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Table  6 Average  Temperatures  of  Wall  and  Gas  in  Combustion  Zone 
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Table  7 Model  of  Regular  Thermocouple 
Energy  Balance:  (T^ ^ -T^  )a€fl'D  + hg(Tg-T)7rDj  + (ka)d^T/dx^  - 0 (10-14) 

Radiation:  T/ -T^  - 4T, ^ f (T, ) (T, -T)  (10-15a) 

f(T.)  - l-1.5Z,-^(Z,)2.o.25(Z,)3  (10-15b)  ' 

Za-  (Te*T,)/T,  (10-150 

Gas  convection:  hg-  kg  (Tg  )bRe'^/D  (10-16a) 

Re-  nvgD/S  (10 -16b) 

Conditions:  x-0  dT/dx-0  (10- 17a) 

(Bare  wire)  0<x<l'  T(x):  Tg , Tg , c,  D,  f,  hg , k,  a independent  of  x 

x-1'  T(l')  -T'(l'):  kadT/dx  - k'a'dT'/dx  (10-17b) 

(Ins/wire)  l'<x<l  T'(x);  T, , Tg , c',  D' , f ' , hg ' , k' , a'  independent  of  x 


(Combustor  wall)  x-1  T'-  0 °C 


(10-17C) 


of  parameters: 

T(0)  - 600  “C,  1' 

- 0.7  cm, 

, 1-9 . 5 cm 

€ 

.2 

€ ' 

.8 

D 

.0254  cm 

D' 

.159  cm 

f 

Tg-  300  “C 

f 

Tg '-300  °C 

k 

k,wire(600  ®C) 

k' 

k,eff(300°C) 

a 

1.01x10"^  cm^ 

a' 

18.33x10*2  cm2 

k, wire-.  695(1-1-2. 84x10" 

'•T)  , T in  °C, 

W/cm/K 

(10-18a) 

k, ins-. 332(1-9. 55x10"'' 

(T-24)),  T in  °C, 

W/cm/K 

(10-18b) 

k,eff-(1.01xk,wire  -(-17 

. 32xk, ins)/18 . 33  , 

T in  °C, 

, W/cm/K  (10 -18c) 

n-l,  Vo-  2.70(Tg  in  K/273)  cm/sec,  b-.764,  d-.41 

5 - .13(Tg/273)^-5(l-hl39/273)/(l-Hl39/Tg), 

Tg  in  K,  cm^/sec 

24.9(Tg/273)-  5 [(l-(-GTg)/(l-t-273G)]  [(l-t-C/273)/(H-C/Tg) 
G-  8. 9x10' C-139,  T-  in  K,  W/cm/K. 


(10-18d) 

(10-18e) 

(10-18f) 
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Table  8 Model  of  Aspiration  Thermocouple 
(No  Aspiration  Flow) 

Energy  Balance: 

Tube:  2 (T2 -T^  ) + (T/ -T^  * ttDi +hg  (Tg -T^  )7rDg+ki  a^  d^T^ /dx^-  0 ; 0<x<l  (10-19a) 

Thermocouple:  ^12  ("^2 k2 a2 d^ T2 /dx^ - 0;  0<x<l  (10- 19b. 


‘12-  ^2  -M  - 4T,Mf(Zi)(Te-Ti)-f(Z2)(T,-T2)]  - 4T,  ^ f (Z,  ) (T2 -T,  ) 


Hnp  ^ T ^ 

1 -5  • i 2 * 1 

Z3-(T,-T3)/T, 

Hi2-27rkg(T3)/ln(DiVD2)  + a4T,3  f (t  J,rD2/[  l/€2  +( 1/e  1 - 1 ) D2 /D,  ' 
Conditions:  x-0  dT^/dx-O  , dT2/dx-0 

0<x<l  Tg  , Tg  , , D],  , f , hg  , , a^  , 

€2  , D2  > ^2  > ^2  independent  of  x 
x-1  Ti-  0 °C,  T2  - 0 °C 


(10-20r. 
(10-20bj 
(10-20c j 
(10 -2 La) 


(10 -2  lb 


Values  of  parameters: 


f 

k. 


T(0)  - 600  °C,  Tg 

.8 

.953  cm 
Tg-300  °C 
k,ins(300  °C) 
.396  cm2 
.635  cm 


- 300  °C,  1-9.5  cm 

€2  -8 

D2  . 159  cm 

f Tg-300  °C 

k2  k,eff(300°C) 
a,  18.32x10*2  ^j^2 


See  equations  (10-18) 
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Table  9 Algebraic  Formulae  for  Solutions  to 
Regular  Thermocouple  Models 

Z(0)  - AgZg/A  + r[fiZgCOsh^  VQ  + (Z(l)-ZgAg '/A' )/Q]  (10-22) 

terms;  I II  III  IV 

Z(x)-(T,-T(x))/T,  : Zg-(T,.Tg)/T, 

Ag  - hgjrD/ka  ; A - (h^  f,-)-hg  )7rD/ka ; hj-ca4T,  ^ ; 

Ag  ' - hgTTD'/Ck'a' ) ; A'  - (h^  ' f, -t-hg  ' )7rD ' /(k' a ' ) ; ; 

r-[(k'a)'/(ka)] (A'/A)- = : fi  - Ag'/A'*  Ag/A; 

Q=  sinh^ sinh^  ' -i-rcosh^cosh^  ' : ^-1(A)  -^;  ^ '-(1-1' ) (A' ) • ^ . 
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Table  10  Estimates  of  Radiation  Corrections 
for  Gas  Thermocouples 

Summary  of  Model  Calculations 


Notes 


Velocity 

n-1  n-5 

1 

n-1 

n-5 

Model  I; 

Asp.  Thermocouple 

2 

Model  IV; 

Coupled  Ins/wire 

(Coupled,  Junction  covered) 

(Junction 

covered) 

cl 

0.862  0.757 

3 

cl 

0.698 

0.533 

c2xl00 

0.067  0.075 

c2xl00 

0.080 

0.071 

bl 

-13.8  -10.3 

bl 

-0.073 

-0.018 

b2 

0.070  0.049 

b2xl00 

0.044 

0.010 

Model  II; 

Reg.  Thermocouple 

Model  V; 

Ins/wire 

(Ins/wire,  Junction  Bare) 

(Junction 

covered) 

cl 

0.429  0.246 

cl 

0.681 

0.526 

c2xl00 

0.051  0.036 

c2xl00 

0.058 

0.061 

bl 

-0.100  -0.019 

bl 

-0.101 

-0.025 

b2xl00 

0.055  0.010 

b2xl00 

0.059 

0.013 

Model  III: 

: Reg.  Thermocouple 

Model  VI: 

: Bare  Wire 

(Ins/wire,  Junction  Bare) 

(Ta-600) 

cl 

0.463 

cl 

0.162 

0.090 

c2xl00 

0.053 

c2xl00 

0.037 

0.020 

bl 

0.097 

bl 

0.000 

0.000 

b2xl00 

-0.053 

b2xl00 

Estimate 

of  Radiation  Correction 

(Models  I 

and  II) 

.....  .r>— 1 . 

•••••• n" L • 

Tr-Ta 

Te-Tr 

Te-Tg 

Te-Tr 

Te-Tg 

30 

-40 

-69 

-38 

-50 

20 

-19 

-32 

-19 

-26 

10 

4 

7 

-1 

-1 

0 

27 

48 

18 

24 

-10 

51 

93 

37 

50 

-20 

76 

140 

56 

76 

Notes : 


1)  n is  multiple  of  drift  velocity;  equation  (10-18c) . 

2)  Coupled  refers  to  calculations  based  on  equations  (10-19). 

3)  Parameters  are  for  equation; 

T(0)-Tg  - (cl+c2*X)(Te-Tg)  + (bH-b2*X) 
where  X-Te-T(O). 

4)  Tr  is  temperature  indicated  by  the  regular  thermocouple. 

5)  Ta  is  temperature  indicated  by  the  aspirated  thermocouple. 


39 


}))»)  } t-n-r-rv  rriTH 


\ 


" o o o 


7 


« ft 


J'U  u 


rnr 


■U""~  u 


UJ 

0) 


CO 

aa 


o 

u 

w 

3 

X> 

E 

O 

U 

qs  - 

o o 

H 

C/5  . - 

3 0) 
CQ  U 
S « 
O u 


a 

. . 'll 
1-1 


H 0) 

W f-l 

I— t a. 

Z E 
fl 
« 

£ 
0)  J-I 
Vj 

3 3 

CtO 

•rH  C 
Cb  (Q 

a 

x 

< 


a 

e 

ce 

to 


u ' 

01 

BO 

c 

. - 

cC 

01 

-C  I 

e 

u 

(0 

X 

u 

1 

0-4 

1 

iJ  , 

4J 

cC 

1-1 

01 

o 

J= 

a 

a 

C 

3 

1-1  ' 

to 

3 

4J 

z 

c 

01 

• - 

H ' 

u 

- 

01 

o 

. 

cn 

o 

01 

. - 

N 

01 

N 

1.1 

0 

3 

c 

M 

o 

cn 

f-^ 

CO 

o 

qO 

c 

01 

4J 

c 

1-1 

(0 

0 

T3 

4J 

cn 

X 

3 

o 

ja 

E 

- 

O 

-> 

u 

. 

cn 

tb 

f-H 

. - 

o 

c 

tl 

o 

l-l 

iJ 

01 

to 

4J 

l-l 

CO 

3 

5 

cn 

1 

C 

BO 

' 1— I 

c 

•H 

1“^ 

o 

0 

u 

1— 1 

a 

(fl 

Vj 

u 


40 


X 


X'-Gas,baffle[51,0] 


Baffle 
[51.15] 
Upper  wall 
[^6,20] 


-X 


Middle  wall 
[35.20] 

-X| 

1 

1 

X' -Gas, upper  side[32,10 

X 

<|Top 

1 

1 

33,18] 

Lower  wall 
[18.20] 

1 

-x| 

|[23.7.5]  1 

1 1 

1 

25.18] 

Gas , lower  side 
[16.5,10], two* 

1 

X'  1 Pellet  1 

1 1 

<|//2 

1 

18.18] 

Ash  pan 
[9.5,19] 

- |X 

II 

II 

II 

1 X 1 

[10.0] 

X 

<|//1  [11.18] 

II 

<|Bot  [5,20] 
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Fig.  2 Sketch  of  Thermocouple  and  Oxidant  Gas  Nozzle  Locations 

in 

Combustion  Zone  (lower  1/3  of  Combustor) 


Notes ; 

X' indicates  gas  thermocouple  junction  location;  noble  metal  thermocouples 
are  located  at  gas, lower  side,  (two)  and  gas,  upper  side. 

X indicates  wall  or  other  solid  metal  component  thennocouple  junction 
location. 

< indicates  location  of  outlet  of  ports  of  oxidant  gas  nozzle  tier. 

X indicates  a position  (i.e.,  top  edge  and  bottom  center  of  pellet, 
bottom  center  and  bottom  edge  of  base  plate) . 

[a.b]  indicates  position  by  height, a,  above  combustor  base  plate  and 

radial  distance,  b,  from  center  of  combustor  base  plate.  All  heights  and 
radial  distances  are  in  cm. 

* The  two  junctions  are  60  degrees  from  each  other. 
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Figure  3 Gas  and  Middle  Wall  Temperatures  versus  Time 
Experiment  110  (7.1%  lime,  0.2%  Mn02 ) 

Y axis;  Temperature,  °C:  X axis:  Arbitrary  Time,  minutes 
A,  Gas  lower  side  thermocouple;  B,  Gas  upper  side  thermocouple, 
C,  Middle  wall  thermocouple;  and  D,  Gas  baffle  thermocouple. 
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Figure  4 Combustor  Wall,  Ash  Pan,  and  Baffle  Temperature  versus  Time 
Experiment  110  (7.1Z  lime,  0.22  MnOa ) 

Y axis:  Temperature,  “C;  X axis:  Arbitrary  Time,  minutes 
A,  Lower  wall  thermocouple;  B,  Middle  wall  thermocouple;  C,  Ash  Pan 
thermocouple;  D,  Baffle  thermocouple;  and  E,  Upper  wall  thermocouple. 
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Figure  5 Sample  Surface  and  Gas  Upper  Side  Temperatures, 

CO2  and  CO  Production  Rates  versus  Time 
Experiment  110  (7. IX  lime,  0.2X  Mn02 ) 

Y axis:  arbitrary  units,  thousands;  X axis:  Arbitrary  Time,  minutes 
A,  Pyrometer  temperature,  ®C;  B,  Gas  upper  side  thermocouple  °C; 

C,  CO2  production  rate,  slpm  x 20; 
and  D,  CO  production  rate,  slpm  x 100. 
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Figure  6 Gas  and  Middle  Wall  Temperatures  versus  Time 
Experiment  112  (3.5%  lime,  0.0%  Mn02 ) 

Y axis:  Temperature,  ®C;  X axis:  Arbitrary  Time,  minutes 
A,  Gas  lover  side  thermocouple;  B Gas  upper  side  thermocouple; 
C,  Middle  wall  thermocouple;  and  D,  Gas  baffle  theirmocouple . 
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Figure  7 Combustor  Wall  and  Baffle  Temperatures  versus  Time 
Experiment  112  (3.5X  lime,  O.OZ  Mn02 ) 

Y axis:  Temperature,  °C;  X axis:  Arbitrary  Time,  minutes 
A,  Lower  wall  thermocouple;  B,  Middle  wall  thermocouple;  C,  Baffle 
thermocouple;  and  D,  Upper  wall  thermocouple. 
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Figure  8 Sample  Surface,  Upper  and  Lover  Internal  Sample, 
and  Gas  Upper  Side  Temperatures  versus  Time 
Experiment  112  (3.5X  lime,  O.OZ  Mn02) 

Y axis;  Temperature,  ®C,  ; X axis:  Arbitrary  Time,  minutes 
A,  Pyrometer  temperature;  B,  Upper  pellet  thermocouple; 

C,  Lower  pellet  thermocouple;  and  D,  Gas  upper  side  thermocouple. 
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Figure  9 CO2  and  CO  Production  Rates,  Oxygen  Consumed/In, 
Fraction  Reacted  versus  Time 
Experiment  112  (3.52  lime,  0.02  Mn02 ) 

Y axis:  arbitrary  units,  thousands;  X axis:  Arbitrary  Time,  minutes 
A,  CO2  production,  slpm  x 20;  B,  O2  consumed/02  in  x 1000; 

C,  Fraction  reacted  x 1000;  and  D,  CO  production,  slpm  x 400. 
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Figure  10  Sulfur  Dioxide  Capture 
SO2  Capture,  Ash  Temperature,  and  CO2  and  CO 
Production  Rates  versus  Time 
Experiment  110  (7.1%  lime,  0.2%  Mn02) 

Y axis:  arbitrary  units,  thousands;  X axis:  Arbitrary  Time,  minutes 
CO2  production,  slpm;  B,  Reduced  temperature  of  ash,  (T.^  - 1000K)/10K, 
T,q  from  equation  (2);  C,  SO2  capture:  S02in  - S02out,  slpm  x 100; 
and  D,  CO  production,  slpm  x 100. 
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Figure  11  Sulfur  Dioxide  Capture 
SO2  Capture,  Ash  Temperature,  and  CO2  and  CO 
Production  Rates  versus  Time 
Experiment  112  (3.5X  lime,  O.OX  Mn02 ) 

Y axis:  arbitrary  units,  thousands;  X axis:  Arbitrary  Time,  minutes 
A,  CO2  production,  slpm;  B,  Reduced  temperature  of  ash,  (T,q  - 1000K)/10K, 
T,q  from  equation  (2);  C,  SO2  capture:  S02in  - S02out,  slpm  x 100; 
and  D,  CO  production,  slpm  x 100. 
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Figure  12  Aspiration  Experiment  Results 
Experiment  112  (3.5Z  lime,  0.0%  Mn02) 

Y axis:  Temperature,  ®C,  or  Flow  rate,  slpm  x 10; 

X axis:  Arbitrary  Time,  minutes 
A,  Aspirated  gas  lover  side  thermocouple,  °C;  B,  Regular  gas 
lower  side  themocouple , ®C;  C,  Aspirated  minus  regular  gas 
lower  side  thermocouple,  °C; 
and  D,  Aspiration  flow  rate,  slpm  x 10. 


180 


51 


Sr,  ;■ ',;M 


/• 


'l' 


?.f4^gS 


..fl'-i, 


.,um 

iyc  ■■ 


!-0 


Looa'^ 


■\' 


. I'M' 


I :'i 

' •■  ^'d\ 


, jj " *,i'*‘i| 


■ ioef- 

;.sjjKO 


V'*', .-  -.-. 


sy 


, if5' " ,,.  #;..  --yi 


■ss,.. 


■ j-'i'.: 


":r  ■ 


4 


y-“— -r— •, J — Y-T'— ' ■••  1«1«  T|r[«in|i  mil  ■ rfi  r 

; >■’*«  OS  ■•.  ■'♦?: 


IWI*.  4ril|yfwiif 


'>v:? 


't- 


'■'c^r 


- <i5{ 


Of-'i 


Ci--  - 

4;; 


v.r  . I o'.A' 


.tisc. 


' ixi  »'  , 

ts.,  COj  :vt?>nA‘'ife3,'^ 

•..«■  ' .OI*'x  wwfla  '*W«fe^  _ 


NiST-i  14A  U.S.  DEPARTMENT  OF  COMMERCE 

(REV.  3-M)  NATIONAL  INSTITUTE  OF  STANDARDS  AND  TECHNOLOGY 

BIBLIOGRAPHIC  DATA  SHEET 

1.  PUBUCAT10N  ON  REPORT  NUMBER 

NISTIR  4443 

2.  PERPORMMO  OROANIZATION  REPORT  NUMBER 

3.  PUBUCATION  DATE 

NOVEMBER  1990 

4.  TITLE  AND  SUBTITLE 

SULFUR  DIOXIDE  CAPTURE  IN  THE  COMBUSTION  OF 

MIXTURES  OF  LIME,  REFUSE 'DERIVED  FUEL,  AND  COAL 

S.  AUTHOR(S) 

K.L.  Churney  and  T.J.  Buckley 

6.  PERFORMINO  OROANIZATION  (IF  JOINT  OR  OTHER  THAN  NIST,  SEE  INSTRUCTIONS) 

U.S.  DEPARTMENT  OP  COMMERCE 

NATIONAL  INSTITUTE  OF  STANDARDS  AND  TECHNOLOGY 

OAITHERSBURO,  MO  20B99 

7.  CONTRACT/ORANT  NUMBER 

■.  TYPE  OP  REPORT  ANO  PERIOD  COVERED 

9.  SPONSORINQ  OROANIZATION  NAME  AND  COMPUETE  ADDRESS  (STREET,  CITY,  STATE,  ZIP) 

U.S.  Department  of  Commerce 
Center  for  Chemical  Technology 
Chemical  Thermodynamics  Division 

National  Institute  of  Standards  and  Technology  Gaithersburg,  MD  20899 

10.  SUPPtAIENTARY  NOTES  — 


DOCUMENT  OESCRIEES  A COMPUTER  PROORAM;  SF-1SS,  RPS  SOFTWARE  SUMMARY,  IS  ATTACHED. 

11.  ABSTRACT  (A  20O-WORD  OR  LESS  FACTUAL  SUMMARY  OF  MOST  SIQNIF1CANT  INFORMATION.  IF  DOCUMENT  INCLUDES  A SlONmCANT  BIBUOQRAPHY  OR 
UTERATURE  SURVEY,  MENTION  IT  HERE) 


Chlorine  and  sulfxir  mass  balance  studies  have  been  carried  out  in  the 
combustion  of  mixtures  of  lime,  refuse -derived  fuel,  and  coal  In  the  NIST 
multikilogram  capacity  batch  combustor.  The  catalytic  effect  of  manganese 
dioxide  on  the  trapping  of  sulfur  dioxide  by  lime  was  examined.  Under  our 
conditions , only  42  of  the  chlorine  was  trapped  in  the  ash  and  no  effect  of 
manganese  dioxide  was  observed.  Between  42  and  14Z  of  the  total  stxlfur  was 
trapped  in  the  ash,  depending  upon  the  lime  concentration.  The  effect  of 
manganese  dioxide  on  sulfur  capture  was  not  detectable.  The  temperature  of  the 
ash  was  estimated  to  be  near  1200  °C,  which  was  in  agreement  with  that 
calculated  from  sulfur  dioxide  captxire  thermodynamics. 


12.  KEY  WORDS  (6  TO  12  ENTRIES;  ALPHABETICAL  ORDER;  CAPITALIZE  ONLY  PROPER  NAMES;  AND  SEPARATE  KEY  WORDS  BY  SEMICOLONS) 

ash;  chlorine;  coal;  combustion;  lime; manganese  dioxide;  refuse  derived  fuel 


13.  AVAILABIUTY 

14.  NUMBER  OF  PRINTED  PAGES 

58 

UNUMITED 

FOR  OFF1CUU.  DISTRIBUTION.  DO  NOT  RELEASE  TO  NATIONAL  TECHNICAL  INFORMATION  SERVICE  (NTIS). 

ORDER  FROM  SUPERINTENDENT  OF  DOCUMENTS,  U.S.  OOVERNMENT  PRINTINO  OFFICE, 

WASHINGTON,  DC  20402. 

IS.  PRICE 

A04 

ORDER  FROM  NATIONAL  TECHNICAL  INFORMATION  SERVICE  (NTIS),  SPRINQFIELD,  VA  221S1. 

ELECTRONIC  FORM 


•'SOI 


iiiii|»w»iyu^>'^i>ii'’iM 

'■.'■•S^--:^^'  .:’  .W"  ■ 


'•Si' 


‘ .:-r33H0WAOaiHqARaOIJi(a;^ 

■'  ' '■"' ■ ■ " ' ^ 

^•| yfc\j'vj  'Viirc»  Ajt-.p.'W's.  iifci  £s  V 4kLy<.*  <»vy/*  i i «■♦»••  -•»«fi-.#ii^iif  Ji-.n.  1 7^'  -"J 2airi-v^^rH»i>t.w 


W--  n %mi^:i.MiMn  'mn.m..^ , 

rAOu,  ■ /aHX4' 


V MIrTMC  |~  «• 'A 


>'  ba#  .'4^3 


■'^1 


” • ' *•  ■'  -•'■  ' '■•'■  “•  ■ • M...-'  . ■ '•■  , ,•  ,,4'ij’'-^ 

*■■  ■■  ■■',•%  , . 


M: ' ';  ■ - 


■■'  /• 


“■  . . ' ;■<  ■.  jtfKMg^.yyft  /§! . garripw«s;’^i 


■ - . '■  ' /'x^:'":  .■  ■ 4 ,4^.-  . - - 


.■h 


T.vv^^^rf  'ift  ia^  <d«sf  fc'iia  'sl. «;ja^  t<<si 
«>wi'  Jk'-IW  Iks#* 

^ ^'ffT-  .r^t^A.Sms}(ji^i':-  ^;^.^,,^1  ritKfw  ,(?!«* i" 

Tfcs:'  ^«*  isi£iryi5-ls{*i;f^';a:?  ;?««? '.jfi®*#  ®’Xl.i3>iM»  'XArXii^as  ji^: 

•4=Wi,4  a5;  MtkhU  ,0^  mU 

,,  ■ ■ * ftT»,.ii^£ii?v:i>ai«£#.?^J  ®«?jry!|4si 

■®^’.  '■  ■ . ' ' ■ " ,'  '^^''■•■5 

:-f^  • . ■•’  ■"'  ' ■■  '■  . 


■r: 


■ vA. 


|ir  wfciiitfii>y!>niriiyv  ■ :--';io»»«*>i'<w>*«pB»'i^--^  i>itj>i<i 


j^  ' I 4', 


I'-jsiritrl 


(v  44v:>:  , 


' j»»v^  aMfT^''ti«i^ 


"M:  ' ■'■■ 
,,  '^0"  . 


